An investigation into the structure of transfer RNA in solution by 1H and 31P NMR spectroscopy by Salemink, P.J.M.
An investigation 
into the structure 
of Transfer RNA 
in solution by 
Ш and UP NMR 
spectroscopy 
p.j.m. salemink 

AN INVESTIGATION INTO THE STRUCTURE 
OF TRANSFER RNA IN SOLUTION BY 
lH AND 3 1 P NMR SPECTROSCOPY 
PROMOTOR: 
PROF. DR. C.W. HILBERS 
AN INVESTIGATION INTO THE STRUCTURE 
OF TRANSFER RNA IN SOLUTION BY 
lH AND 3 1 P NMR SPECTROSCOPY 
P R O E F S C H R I F T 
TER VERKRIJGING VAN DE GRAAD VAN DOCTOR 
IN DE WISKUNDE EN NATUURWETENSCHAPPEN 
AAN DE KATHOLIEKE UNIVERSITEIT TE NIJMEGEN, OP GEZAG VAN 
DE RECTOR MAGNIFICUS, PROF.DR. P.G.A.B. WIJDEVELD, 
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN 
IN HET OPENBAAR TE VERDEDIGEN 
OP VRIJDAG 21 MAART 1980 
DES NAMIDDAGS TE 2 UUR PRECIES 
door 
PAULUS JOHANNES MARIA SALEMINK 
geboren te Nijmegen 
Druk: Krips Repro Meppel 
CONTENTS 
CHAPTER I. INTRODUCTION 1 
Structure 1 
Folding of the sugar phosphate backbone 4 
Binding of counterions 11 
Conformational changes of tRNA 13 
31 
Ρ NMR spectroscopy 15 
References 17 
CHAPTER II. PURIFICATION AND CHARACTERIZATION OF 
BACTERIAL TRANSFER RNAs 21 
Benzoylated DEAE cellulose chromatography 22 
DEAE-Sephadex A-50 chromatography 23 
Sepharose 4B chromatography 26 
RPC-5 chromatography 26 
Further characterization of E.coli tRNAs 26 
References 28 
CHAPTER III. DEMONSTRATION OF A TERTIARY INTERACTION IN 
SOLUTION BETWEEN THE EXTRA ARM AND THE D-STEM 
IN TWO DIFFERENT TRANSFER RNAs BY Η NMR 31 
Materials and methods 32 
tRNAÍMet and tRNA*Met 32 
m G-modification of yeast tRNA 33 
NMR-spectra 34 
Results and discussion 34 
References 43 
Phe 
CHAPTER IV. STUDIES OF YEAST tRNA BACKBONE STRUCTURE 
31 
IN SOLUTION BY Ρ NMR 45 
Experimental section 46 
Materials 46 
Instrumentation and Methods 46 
Modification Procedures 
(1) Cyanoethylation 47 
(2) Pancreas RNase Modification 47 
(3) RNase Τ Modification 48 
(4) Excision of the Y Base 48 
Results 48 
31 Phe 
Ρ Spectra of Intact tRNA 50 
Cyanoethylation 52 
Endonuclease Modification by Pancreas RNase A 56 
Endonuclease Modification by RNase Τ 58 
Excision of the Y Base 61 
Discussion 63 
31 
Ρ Spectra 63 
H Spectra 66 
References 68 
CHAPTER V. CONFORMATIONAL CHANGES OF YEAST tRNA h e 
AS MONITORED BY Ρ NMR 71 
Materials and methods 72 
Results 72 
2+ 
Temperature dependence at high Mg concentration 74 
2+ 
Temperature dependence at intermediate Mg concentration 76 
2+ 
Temperature dependence in the absence of Mg 79 
31 
Influence of spermine on the Ρ spectra 79 
Discussion 82 
31 
Origin of the resolved Ρ resonances 82 
Anticodon loop structure 85 
Tertiary structure 87 
References 88 
31 
CHAPTER VI. Ρ NMR SPECTRA OF SOME E.COLI tRNAs 91 
Materials and methods 91 
Results and discussion 92 
Phosphate backbone homologies 92 
E.coli tRNA G 1 U 97 
References 102 
CHAPTER VII. A H AND Ρ NMR STUDY OF THE SOLUTION 
STRUCTURE OF В.LICHENIFORMIS 5S RNA 105 
Materials and methods 107 
5S RNA 107 
Instrumentation 107 
Results 108 
1H NMR 108 
Spectral region from 14.5 to 13.5 ppm 110 
Spectral region from 13.5 to 12.0 ppm 110 
Spectral region from 12.0 to 10.0 ppm 110 
Ten 
31. 
mperature dependence of the low field H NMR spectra 111 
Ρ NMR 115 
Discussion 117 
Hydrogen bonding in B.lichemformis 5S RNA 117 
Folding of the molecule 120 
References 121 
CHAPTER VIII. FUNCTIONAL DIFFERENCES BETWEEN E.COLI tRNA M e t 
AND E.COLI tRNA* M e t. CONCLUDING REMARKS 125 
Materials and methods 126 
tRNA[ M e t and tRNA¡Met 126 
In vitro protein synthesizing system 127 
Results and discussion 128 
Concluding remarks 131 
References 132 
Summary 133 
Samenvatting 135 
Woord van dank 137 
Curriculum vitae 138 
voor Els 
aan mijn ouders 
CHAPTER I 
INTRODUCTION 
Transfer RNA is the smallest cellular RNA in both bacteria and eucaryotic 
cells. The molecule has a manifold of biological functions, among which its 
role m the decoding of the genetic message is perhaps the most remarkable. 
The latter process, the protein biosynthesis, in which the tRNA provides the 
crucial link between the triplet codon on the messenger RNA and the incorpo-
ration of a specific amino acid into the growing polypeptide chain, has been 
studied most extensively (Lewin, 1974). Although an overall picture of this 
process is now available our understanding of the underlying mechanism is 
still in its infancy (Lagerkvist, 1978, Kurland, 1979) Progress in this 
area will depend on our ability to describe quantitatively the structure and 
the functional conformational changes of the components involved in the pro-
cess of protein synthesis. For the ribosome this seems like an almost insur-
mountable barrier at the moment, notwithstanding impressive breakthroughs in 
the determination of its structure during the last five years (Lake, 1977, 
Stoffler and Wittmann, 1977). On the other hand during the last decade our 
knowledge of the molecular structure of tRNA has rapidly progressed (Rich and 
RajBhandary, 1976). The crystal structure of one particular tRNA, yeast 
Phe tRNA , has been solved to atomic resolution (Quigley and Rich, 1976; Hin-
gerty et al., 1978; Holbrook et al., 1978; Stout et al , 1978) and the de-
fMet 
tailed structure of another tRNA species, E.coli tRNA , is under way 
(Woo et al., 1979). In addition, the pathway of thermal unfolding of tRNA 
has been studied extensively and is known for several tRNA species (Hilbers, 
1979, Crothers and Cole, 1979). Very little is known however about the mole-
cular mechanisms of functional conformational changes in tRNA 
Structure 
Transfer RNAs have a molecular weight varying between 25000 and 30000 dal-
tons. The molecules consist of a single polynucleotide chain of about 75 
nucleotides. To date at least 70 different tRNA molecules from various orga-
nisms have been sequenced Although the primary sequence of these tRNAs may 
vary strongly it turns out that they can be folded into a socalled cloverleaf 
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Figure 1. Generalized cloverleaf structure for tRNA 
The dotted regions α and ß in the D loop and the va-
riable loop differ in length for various sequenced 
tRNAs. Symbols for the bases at invariant and semi-
invanant positions are indicated. Y, R and Η stand 
for pyrimidine, purine and modified purine respecti­
vely (From Rich, Α., and RajBhandary, U.L. (1976) 
Ann. Rev. Biochem. 45, 805; Copyright: Annual Reviews 
Inc. 1976). 
structure (Figure 1) thereby forming four double helical stacks containing 
the normal Watson-Crick AU and GC base pairs and occasionally a GU base pair. 
The structure of the AU, GC and GU base pairs is given in Figure 2 The pre­
sence of the secondary cloverleaf structure in tRNA was supported by several 
biochemical experiments (Lewin, 1974). Subsequent X-ray diffraction studies 
(Quigley and Rich, 1976; Stout et al., 1978, Hingerty et al., 1978, Holbrook 
et al., 1978) and H NMR studies (Kearns, 1977; Hilbers, 1979; Robillard and 
Reíd, 1979) confirmed the presence of the cloverleaf structure in the crys-
tal as well as in solution. The four double helical regions formed in the 
cloverleaf structure, i.e. the DHU (D), ТфС, anticodon, and acceptor stem 
are indicated in Figure 1. The anticodon and Ti|)C stems are connected by an 
"extra arm" (variable loop) which may vary in length between 3 and 15 nucleo­
tides. The DHU and ТфС loop, which are far apart in the secondary structure, 
2 
Figure 2. Base paired structures of GC(left), AU(right) 
and GU(middle). 
are connected by hydrogen bonded base pairs in the 3-dimensional structure. 
In addition, in the 3-dimensional structure base pairs are formed between 
the DHU loop and the extra arm and between the DHU stem and the extra arm. 
The formation of these interactions is accompanied by a specific folding of 
the sugar phosphate backbone, which results in a L shaped form of the mole­
cule (Figure 3). In this structure the DHU and anticodon stems combine to 
form a continuous helical stack, representing one arm of the "L" (Figure 3). 
The other arm is also a continuous helical stack formed by the ТфС and ac­
ceptor stem. The molecule shows a pseudo 2-fold symmetry axis, so that the 
two arms of the "L" can be "converted" into each other (Kim, 1976). To give 
an impression of the dimension of the molecule, it is noted that the distance 
between the anticodon triplet and the 3' acceptor end of the tRNA amounts to 
' -воХ (Figure 3) . Most of the residues involved in tertiary structure are in­
variant or semi-invariant in all tRNAs sequenced to date, suggesting that 
the same tertiary base pairs are formed in all tRNAs. 
3 
Figure 3. A Schematic representation of the X-ray struc­
ture model of yeast tRNA P h e. The phosphate backbone is 
drawn as a continuous black line. Bases and base pairs 
are indicated by planes. Note the occurrence of base-
intercalation, e.g. between residues 57 and 58 as discus­
sed in the text (From Rich, Α., and Kim, S.H. (1977) 
Scientific Amer. 238, 52; Copyright: Scientific Amer. 
Inc. 1977). 
Folding of the sugar phosphate backbone 
Of particular interest to the studies presented in this thesis is the struc­
ture of the sugar phosphate backbone in tRNA. In the double helical parts of 
the molecule the backbone has the standard conformation (vide infra) found 
in normal RNA double helices. At the bends in the loops and in the nucleotide 
4 
regions involved in tertiary structure strong deviations from this conforma­
tion are found. Some of these deviating structures were already known from 
X-ray crystal studies of small model compounds (for a review see Kallenbach 
and Herman, 1977). To facilitate the discussion, the torsional angles which 
define the conformation of the sugar phosphate backbone are presented in 
Figure 4. The angles important for the discussion below are ψ',ω' and ω, 
Figure 4. Segment of the sugar phosphate backbone for po­
lynucleotides . The torsional angles, defining the back­
bone conformation, are indicated (From Schleich, T., Cross, 
В.P., Blackburn, B.J., and Smith, I.C.P. (1975) Structure 
and Conformation of Nucleic Acids and Protein-Nucleic Acid 
Interactions, 223 (Sundaralingam, M., and Rao, S.T. Eds); 
Copyright: University Park Press Baltimore 1975). 
since there is some evidence that most of the flexibility of the phosphate 
backbone comes from alterations in these angles. The angles are defined on 
the basis of Newman projections. As an example the Newman projection defi­
ning the angle ω' is given in Figure 5. Analogous definitions apply to ω 
and ψ'. The value of ψ' determines the sugar conformation. In regular double 
5 
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Figure 5. Newman projection de­
fining the torsional angle 
шЧР-Оз·) of a diester phosphate 
group. The vector Р-Юз ι is pla­
ced perpendicular to the plane. 
The value for ω' is found by 
clockwise rotation of C3ι with 
respect to Ojji . Three standard 
conformations, i.e. g + 1t and g~, 
are indicated. 
helical RNA the value of ψ' amounts to ^80 , which leads to a socalled С 
endo conformation (Figure 6). In regular double helical DNA the sugar has a 
о 
С endo conformation with ψ' 'VISO . The angles ω' and ω, which represent a 
Cg' endo 02' endo 
Figure 6. The two preferred conformations for the nucleo­
tide sugars: C2· endo and C^< endo. In the C21 endo confor­
mation the €2' atom is out of the plane determined by 0-^  1 
and CA In the Crii endo conformation the C·: atom is 
out of the plane determined by O-^ i, C^t and Cj.. (From Sun-
daralingam, M. (1975) Structure and Conformation of Nucleic 
Acids and Protein-Nucleic Acid Interactions, 487. (Sundara-
lingam, M., and Rao, S.T. Eds); Copyright: University Park 
Press Baltimore 1975). 
rotation about the P-O-, and P-O , bonds respectively, have values of ^290 
in regular double helices. Such diester conformations are denoted by ω',ω = 
g ,g in which g stands for gauche . Theoretical calculations indicate that 
the g ,g diester conformation is the one favored energetically. Base stack­
ing, base pairing and short range Intramolecular van der Waals interactions 
between successive nucleotide units stabilize this conformation (Sundaralin-
gam, 1975). A schematic representation of the g ,g diester conformation is 
given in Figure 7 (left). Part of the flexibility of the phosphate backbone 
(g",g-) 
C(3') 
C(5) 
(t,g-) 
0(5') 
(д+,д-) 
Figure 7. Conformations of the diester phosphate group: g ,g ; 
t,g"; g+,g". (From Sundaralingam, M. (1975) Structure and Confor­
mation of Nucleic Acids and Protein-Nucleic Acid Interactions, 487 
(Sundaralingam, M., and Rao, S.T. Eds); Copyright: University Park 
Press Baltimore 1975). 
resides in the angles ω' and ω. In tRNA deviations from the regular g
 r
g 
conformation are found as bends in the loops (Quigley and Rich, 1976; 
Hingerty et al., 1978; Holbrook et al., 1978; Stout et al., 1978). For in­
stance, the diester phosphates P„. in the anticodon loop, Ρ in the ТфС 
34 5b 
loop and Ρ in the region connecting the acceptor stem with the D stem have 
о 
a g ,t diester conformation, in which ί(ω ^ 180 ) stands for trans. A g ,t 
conformation for these 3 phosphate groups is a common structural feature in 
Phe 
the different X-ray models of yeast tRNA (Quigley and Rich, 1976; Hinger­
ty et al., 1978; Holbrook et al., 1978; Stout et al., 1978). In this confor-
o о 
mation the values of ω and ω'are ^180 and ^290 respectively (Figure 7, 
middle). It leads to unstacking of the bases, which is demonstrated in Fi­
gure 8, where a g ,g conformation with the bases stacked (Figure 8a) is 
compared with a g ,t conformation with the bases unstacked (Figure 8b). In 
analogy with a g , t conformation also the g ,g conformation leads to 
7 
Figure 8. View of the change in nucleotide geo­
metry of pUpAp, resulting from rotation of g-,g~ 
(Figure 8a) to t,g- (Figure 8b). (From Yathindra, 
N., and Sundarallngam, M. (1975) Structure and 
Conformation of Nucleic Acids and Protein-Nucleic 
Acid Interactions, 649 (Sundarallngam, Μ., and 
Rao, S.T. Eds); Copyright: University Park Press 
Baltimore 1975). 
unstacking of the bases (Figure 7, right). This conformation is characten-
o о 
zed by values of ω' and ω of ^60 and ^290 respectively, and it is desig-
+ - + + 
nated by g .g in which g represents gauche . Diester phosphates of this 
type have also been detected in the crystal structure of yeast tRNA 
instance in the nucleotide region P._"P.Q of the variable loop. 
Phe 
for 
Table I. 
Hingerty et al. (1978) Holbrook et al. (1978) 
phosphate ω',ω confor­
mation 
ω' ,ω 
244,266 
274,222 
161,34 
172,272 
224,73 
182,280 
311,267 
289,168 
297,173 
257,30 
291,232 
270,86 
311,253 
64,69 
275,128 
268,37 
297,292 
232,246 
314,194 
256,22 
confor­
mation 
g'.g" 
g",t 
+ 
t.g 
t,g" 
+ 
t,g 
t.g" 
g >g 
g'.t 
g",t 
+ 
g .g 
g . /g 
- + 
g .g 
g >g 
+ + 
g .g 
ш-.W 
+ 
g ,g 
g >g 
/g", g 
g".t 
- + 
g >g 
9 
10 
16 
17 
18 
19 
21 
22 
34 
37 
46 
47 
48 
49 
56 
57 
58 
59 
60 
61 
229,292 
268,181 
188,56 
150,41 
269,246 
189,273 
297,96 
216,261 
298,155 
300,153 
235,58 
217,311 
86,332 
100,333 
272,165 
304,245 
254,55 
176,49 
294,292 
291,273 
t,g 
g",t 
+ 
t,g 
+ 
t,g 
g .g 
t,g" 
+ 
g ,g 
t,g" 
g'.t 
g".t 
/g .g 
t,g" 
+ 
g ,g 
+ 
g ,g 
g'.t 
g~.g~ 
- + 
g .g 
+ 
t,g 
g >g 
g .g 
The asterisks indicate phosphate groups at base intercalation sites. 
9 
For a number of phosphate groups the values of ω' and ω have been collected 
in Table I. A comparison has been made between the results of two different 
crystallographic models (Hingerty et al., 1978, Holbrook et al., 1978). It 
is seen, that despite the present state of refinement still discrepancies 
exist, for instance with respect to the conformation of the phosphate groups 
Ρ, ,4» P..-,» Ρ,-, and P„„. 18' 37' 47 60 
Also, the intercalation of a base between 2 consecutive bases causes a dis­
tortion of the phosphate backbone. In the tRNA structure there are 4 exam­
ples of such base-intercalation (Holbrook et al., 1978). Two of these inter­
calated stacks are formed by the sequence G G G A where G is m -
19 э7 18 58 57 
tercalated between G and G , and G is intercalated between G and A , 
19 18 18 57 58 
the third intercalated base A_ is sandwiched between G,, and G,„ in the se-
9 45 46 
quence G A G . Finally, С is sandwiched between U and A in the se­
quence U С A (see also Figure 3). The distance between the consecutive 
8 13 9 
base pairs at the intercalation site IE 6.8 A, i.e. twice the distance found 
in normal double helices. The intercalating base can be accomodated by al­
terations m the phosphate backbone conformation. The phosphate groups at 
the 4 intercalation sites are indicated by an asterisk in Table I. Interes­
tingly, at some of the intercalation sites the phosphate groups possess a 
t,g conformation. In 3 of the 4 intercalation sites a sugar conformation 
sequence of the type С endo (3'-5')C endo is observed (Holbrook et al., 
1978), while in regular double helical RNA always the С endo sugar confor­
mation is present (Figure 6). These mixed sugar conformations, i.e. 
С endo (3'-5')C endo conformations, have also been observed in model sys­
tems of DNA as well as RNA in which drugs or dyes are intercalated (Bond et 
al., 1975, Sobell et al., 1976, Tsai et al., 1976, Voet, 1977, Wang et al., 
1978; Neidle et al., 1977, Berman et al., 1979). Contrary to the situation 
in tRNA (see Table I) at the intercalation site both torsional angles ω and 
ω' retain their gauche conformation (Berman et al., 1979) Although these 
changes in sugar conformation could provide a general and simple mechanism, 
which accounts for the accommodation of intercalators in double helical DNA 
and RNA, one exception to this rule has been found. 
X-ray diffraction studies of a RNA intercalation complex (Neidle et al., 
1977, Berman et al , 1978; Berman et al., 1979) have shown that the inter­
calating drug can be accommodated by adapting two torsional angles, i.e. φ 
and χ (see Figure 4) without neccessarily forming a mixed sugar conformation. 
Before being able to derive general rules regarding the distortions intro-
10 
duced by intercalation , results from experiments on double helices longer 
than the miniature two base pair double helices studied sofar have to be 
available. 
Binding of counterions 
As the refinement of the X-ray crystal structure of tRNA increased, also the 
positions of some cations like spermine, H N(CH ) NH(CH ) NH(CH ) NH , and 
¿i ¿ t o ¿i Q. Δ Ο ¿· 
magnesium became known. Spermine is a naturally occurring polyamine. The 
presence of this compound in biological cells was observed for the first 
time by Antonie van Leeuwenhoek in 1678. Only recently, the significance of 
spermine in the growth of many organisms was realized (Sakai and Cohen, 1976). 
It is noteworthy that the presence of spermine turns out to be a prerequisite 
to obtain good quality single crystals of tRNA. At neutral pH the four nitro-
gen atoms of spermine are positively charged and in this state they bind to 
the highly negative nucleic acids. In the tRNA structure obtained from the 
orthorhombic crystals (Quigley et al., 1978) two spermine molecules are com-
plexed to the tRNA. Their mode of binding is schematized in Figure 9. 
Figure 9. Schematic representation of two sides of yeast tRNA 
The positions of four magnesium ions and two spermine molecules 
are shown. Also, possible binding sites for magnesium or water 
molecules are indicated. (From Quigley, G.J., Teeter, M.M., and 
Rich, A. (1978) Proc. Nat. Acad. Sci. USA 75, 64). 
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One spermine molecule extends from the DHU stem into the anticodon stem with 
the positively charged amino groups within hydrogen bonding distance of 
phosphate P__, P_., ?_,. and P... The second spermine molecule is located 
near Ρ so as to Intervene between the nucleotide chains P B~P i n end 
Ρ -Ρ , thereby neutralizing the negative charge density in this region. It 
should be noted that the two nucleotide chains become very close together in 
this region, the distance between Ρ and Ρ amounts to only 7A (Quigley et 
al., 1978). The amino groups of the second spermine molecule are within hy­
drogen bonding distance of P._., P.. and Ρ . Not all of the X-ray crystal 
10 46 47 
studies agree as to the location of the spermine molecules. In the monocli-
m c crystal form of Hingerty et al. (1978) and in the orthorhombic crystal 
form of Holbrook et al. (1978) the first spermine is found at the same posi­
tion as discussed above. The latter authors differ from Quigley et al. 
(1978) in that they find a second spermine molecule, extending along the ac-
ceptor-TiJjC stem region. A spermine binding site in the acceptor-TipC stem re­
gion is also found in the monoclinic crystal form of Stout et al. (1978). 
In addition to the spermine binding sites also the location of 4 magnesium 
binding sites is presented in Figure 9. One magnesium is found in the anti­
codon loop where it is coordinated to phosphate P_7· A second magnesium ion 
is found to be coordinated to Ρ , Ρ , Ρ and P 1„. Furthermore, two magne­
sium ions are coordinated to P 1 Q F V and Ρ in the DHU loop. Accumulations 
of electron density have been found in other regions of the density maps but 
the authors did not consider them sufficiently characteristic to allow iden­
tification (Quigley et al., 1978). In Figure 9 these positions are indicated 
by white circles. Holbrook et al. (1978) have identified four magnesium bin­
ding sites at positions similar to those discussed above. Hingerty et al. 
(1978) arrive at the same conclusion concerning magnesium binding except for 
the anticodon loop, where no magnesium is found in their structure. However, 
they find a third magnesium ion in the region connecting the DHU and ТфС 
loops (Hingerty et al., 1978). 
There has been a considerable amount of discussion about the number of 
"tightly bound" magnesium ions to tRNA in solution (Homer and Hach, 1975; 
Schreier and Schimmel, 1975; Stein and Crothers, 1976, Stein and Stein, 
1976). The observation of a limited number of localized magnesium ions by 
X-ray crystallography has been taken to support the existence of two classes 
of binding sites in solution, one group of tightly and one group of loosely 
bound magnesium ions. In the interpretation of these binding studies the 
12 
effect of electrostatic contribution to the binding had not been considered 
Subsequent studies showed these effects to be important, however (Walters et 
al., 1977, Leroy et al., 1977). As a result there is no need to invoke a 
2+ 
class of specific Mg binding sites on tRNA, although the presence of one 
or two of these sites cannot be ruled out completely. In the tRNA crystal 
structure magnesium ions may not be equally well detected due to differences 
in the magnitude of thermal motion in some nucleotide regions within the 
crystalline lattice (Sussman et al., 1978). Consequently, a description of 
magnesium binding to tRNA with one class of binding sites (Walters et al., 
1977, Leroy et al., 1977) does not have to be inconsistent with the X-ray 
diffraction data. 
Conformational changes of tRNA 
It is now generally accepted that under suitable conditions the tRNA struc-
ture in solution is grossly similar to that derived from X-ray diffraction 
studies. These conclusions follow from oligonucleotide binding experiments 
(Uhlenbeck et al., 1970, Eisinger and Spahr, 1973, Pongs et al., 1973, 
Freyer and Tinoco, 1975; Geerdes, 1979), selective chemical modification 
experiments and H NMR experiments (Wong and Kearns, 1974, Reíd et al., 
1975, Daniel and Cohn, 1975, Salemink, 1979). Having a defined structure 
under a particular set of solution conditions, it is interesting to know 
how the structure may vary under other conditions. Considerable effort has 
been spent in unraveling the mechanism of thermal unfolding of tRNA. The 
two techniques most succesfully employed have been temperature jump relaxa-
tion kinetics and high resolution NMR of hydrogen bonded protons. Under sui-
table conditions both techniques are able to resolve the complex process of 
unfolding of tRNA in different steps on the temperature axis or the time 
axis. In temperature jump experiments the increase in absorption around 
260 nm, occurring upon disruption of stacks of base pairs, is measured as a 
function of time. In NMR experiments the resonances of the hydrogen bonded 
ring N protons of base pairs, i.e. the resonances of UN H and GN H protons, 
have mainly been used to study the disruption of individual parts of the 
tRNA molecule (see Figure 10). These resonances, which resonate between 15 
and 10 ppm downfield from sodium 4,4-dimethyl-4-silapentane-5-sulfonate(DSS), 
disappear from the spectra as a result of exchange reactions with H O upon 
disruption of base pairs. This allows a detailed investigation of the unfol-
ding process, once the resonances have been assigned to particular protons 
13 
in the structure. Application of these techniques has led to a general pic­
ture of the unfolding process of tRNA (Hilbers, 1979, Crothers and Cole, 
1979). The tertiary structure turns out to be the least stable part of the 
molecule. After disruption of the tertiary structure or sometimes concomi­
tant with this process, the double helical regions start to melt out and 
2+ 
this is generally a sequential process in the absence of Mg . It turned out 
that in general the stabilities of the different cloverleaf arms can be pre­
dicted from thermodynamic parameters of helix formation, extracted from mo­
del systems (Tinoco et al., 1971, Gralla and Crothers, 1973; Borer et al., 
1974). 
tRNA is involved in many processes in the cell and it is very unlikely that 
it acts as a passive substrate or adaptor. The different functional confor­
mational changes, which may take place during these processes, may not be 
the same as those found in the thermal unfolding experiments. Up to now we 
know very little about the functional conformational changes in tRNA. 
Adenosine 
Figure 10. Numbering of the atoms of the 4 major bases in 
tRNA (from Rich, Α., and RajBhandary, U.L. (1976) Ann. Rev. 
Biochem. 45, 805; Copyright: Annual Reviews Inc. 1976). 
14 
There are some indications that codon-anticodon interactions may lead to 
disruption of particular tertiary structure base pairs (Wagner and Garrett, 
1978, Geerdes, 1979, Moller et al., 1979). Although the conformations found 
in the thermal melting experiments may not be of functional significance, 
knowledge of their stabilities and dynamics does form an essential basis for 
obtaining an insight into the functional conformations of tRNA . 
31 
Ρ NMR spectroscopy 
In nucleic acids the sugar phosphate backbone plays an important role in 
31 
maintaining the correct folding of the molecular structure. Ρ NMR is one 
of the experimental methods which can be employed to monitor the structure 
and dynamics of the phosphate backbone of "larger" nucleic acids m solution. 
31 
It has been shown that the Ρ chemical shift is sensitive to the conforma­
tion and to the ionization state of the phosphate group, to complex forma­
tion with metal ions and to the character and structure of chemical substi-
tuents bound to the ester oxygens. For instance, an empirical correlation-
31 
ship between the O-P-0 bond angle θ and the Ρ shift has been found by Go-
renstein (1975). From X-ray diffraction data on nucleic acids it follows 
that changes in the bond angle θ are accompanied by concomitant changes in 
31 
the torsional angles ω' and ω. Therefore, a relationship between the Ρ 
shift and ω'/ω is also very likely. The value of the application of the 
method to the study of molecular structures would be significantly increased 
31 
if theoretical relationshinn between the phosphate conformation and its Ρ 
chemical shift could be derived. Several attempts in this direction have 
been undertaken. Gorenstein and Kar (1975) performed CNDO calculations using 
31 dimethyl phosphate as a model system. For the Ρ shift of a g.g diester 
conformation they arrived at a value of -1 ppm with respect to Η PO under 
the assumption that θ = 105 and in addition they predict a downfield shift 
for the conformational change of a diester phosphate group from g,g to g,t. 
However, the predictive value of such calculations must be considered 
rather limited. Recent ab initio quantum mechanical calculations of Ribas-
Prado et al. (1979) predict a downfield shift of 3.5-6.5 ppm, when a tran­
sition from g,g to g,t takes place These authors have calculated the abso-
31 
lute value for the Ρ screening constant to be 'ьббО ppm. However, in simi­
lar calculations, Webb (personal communication) finds ^850 ppm for the same 
quantity, which drastically differs from the former value. Until the pro­
blems with respect to the discrepancy between the absolute values of the 
15 
Typisch landschapsbeeld in Caqueta. 
Rijstaanplant ondanks mislukte poging tot het schoonbranden 
van het veldje ( Caqueta ). 
31 31 
Ρ screening constant have been solved, predictions of differences in Ρ 
chemical shift remain questionable 
31 
The relationship between diesterphosphate conformation and Ρ chemical 
shift is further supported by experimental information from dye-nucleic acid 
intercalation studies. Intercalation ofActinomycinDinto double stranded DNA 
31 
results in downfield Ρ shifts of 1 5 and 2.5 ppm for the resonances of the 
phosphate groups at the intercalation site (Patel, 1976, Patel and Canuel, 
1976). Analogous downfield shifts were observed in intercalation studies of 
Reinhardt and Krugh (1977). These results may be interpreted as a change in 
diester conformation from g ,g to t,g at the intercalation site. Patel and 
Canuel (1979) also investigated the binding of a nonintercalative drug to 
31 
DNA by Ρ NMR. In this case no such downfield shifts were observed, sugges­
ting that the torsional angles ω' and ω do not change upon complexation with 
a nonintercalative drug, as opposed to the situation for an intercalative 
31 drug. Recently, in a Ρ NMR study of a dinucleotide monophosphate in solu-
31 
tion, the Ρ chemical shifts observed were analyzed in terms of contribu­
tions from gauche and trans conformations (Haasnoot and Altona, 1979). 
The X-ray diffraction data on the folding of the phosphate backbone in tRNA, 
31 
together with the relationship between Ρ shifts and diester phosphate con-
31 formations discussed above, suggest that Ρ NMR spectra of tRNA may contain 
well resolved resonances, arising from special diester phosphate groups. In-
31 deed, after the first attempts of Gueron (1971) it was demonstrated that Ρ 
spectra of tRNA recorded at 40.5 and 109 MHz contain well resolved resonan-
31 
ces (Guéron and Shulman, 1975) In this thesis the applicability of Ρ NMR 
in structural studies of tRNA is investigated. At the time the research des­
cribed in this thesis started, the existence of tertiary base pairs m tRNA 
in solution was still in dispute (Sigler,1975). Therefore, after giving a 
short description of the methods employed for isolation and purification 
of individual tRNA species from unfractionated E coli tRNA in Chapter II, 
H NMR experiments are discussed in Chapter III, in which the existence in 
solution of particular tertiary base pairs is demonstrated. 
In Chapter IV the interrelationship between tertiary structure and the pre-
he 
Phe 
31 
sence of resolved resonances in Ρ NMR spectra will be described on t
basis of chemical and enzymatic modification experiments of yeast tRNA 
31 
Assignments of some of the resolved Ρ resonances could be made with these 
experiments. The stability and dynamic behaviour of the anticodon loop re-
Phe 
gion and the tertiary structure of yeast tRNA are treated in Chapter V. 
16 
Also, the influence of magnesium and spermine upon the structure of tHNA, as 
31 31 
followed by Ρ NMR, is discussed. In Chapter VI Ρ spectra of a number 
of different tRNAs are compared. It appears that to a certain extent a 
structural homology between the phosphate backbone of the different tRNAs 
exists. From the Ρ spectra of intact E coli tRNA it is seen that mul­
tiple conformations exist in the phosphate backbone near physiological con­
ditions . 
In Chapter VII the experience obtained with tRNAs is used in a structural 
study of 5S RNA from B. licheniformis. Models proposed for the structure of 
5S RNA were tested on their validity using low field Η NMR spectra. From a 
31 
comparison of Ρ NMR spectra it follows that the phosphate backbone of 
5S RNA from B. licheniformis and E.coli is not as compactly folded as that 
of tRNA. Finally, in Chapter VIII the initiation function of two E.coli 
fMet fMet 
tRNAs, i.e. tRNA and tRNA , is compared in an in vitro protein syn­
thesizing system, employing mRNA from bacteriophage M13. It appears that 
these tRNAs behave differently in starting the synthesis of some proteins. 
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CHAPTER II 
PURIFICATION AND CHARACTERIZATION 
OF BACTERIAL TRANSFER RNAs 
This Chapter describes the purification and characterization of E.coli 
transfer RNAs in amounts sufficient to perform NMR experiments. For a number 
of years small-scale purification procedures for tRNA have been in use, yiel­
ding microgram quantities or less (Rich and RajBhandary, 1976). For physically 
oriented studies on tRNA like X-ray crystallography and NMR much larger amounts 
of material are required. For instance, to perform NMR studies on tRNAs, 10-
30 mg of highly purified tRNA is necessary. In recent years large-scale puri­
fication procedures have been developed yielding milligram quantities of ma­
terial (Pearson et al., 1971; Holmes et al., 1975; Goss and Parkhurst, 1978). 
Among these procedures Sepharose 4B and RPC-5 chromatography are the most im­
portant. To illustrate the methods employed in this thesis, the isolation of 
Val Are 
two tRNAs, E.coli tRNA and tRNA , will be briefly reviewed. The isolation 
is a four step chromatographic procedure. The column materials employed are 
given in Table I together with column dimensions. By using the materials in 
the order indicated a final purity of 90-100% can be obtained depending on 
the individual tRNA. 
Table I: 
type of column column diameter 
material χ length (cm χ cm) 
benzoylated DEAE cellulose 5.0 χ 90 
DEAE-Sephadex A-50 2.5 χ 85 
Sepharose 4B 2.5 χ 85 
RPC-5 1.8 χ 90 
21 
Benzoylated DEAE cellulose chromatography 
Benzoylated DEAE cellulose (BD-cellulose) was purchased from Boehringer. The 
column was equilibrated with a buffer containing 50 mJ.I acetic acid, 10 гаМ 
MgCl , 0.3 M NaCl, 1 raf.l Na S 0 at pH = 5.0 (Cantoni and Davies, 1971; Reid 
et al., 1975). After applying the tRNA sample the column was developed with 
a linear NaCl gradient from 0.3 M - 1.2 M NaCl with a total gradient volume 
of 12 L. The elution rate was 150 mL/h. Even at 1.2 M NaCl some tRNAs, e.g. 
tRNA P, remain bound to the BD-cellulose. Such strongly complexed tRNAs 
were eluted with the equilibration buffer at maximum ionic strength (1.2 M 
NaCl), containing in addition 20% ethanol. Figure 1 shows the elution 
pattern of a mixture of M50 E.coli tRNAs applied to a column of BD-cellulose 
at 4 C. The absorbance at 260 nm is plotted as a function of the elution 
fraction. In such a pattern the positions of individual tRNAs cannot be dis­
tinguished. This was performed using the following 50 yl radioactive assay 
system (Reid et al., 1975): 25 μΐ of a tRNA fraction was incubated at 37 С 
OD 
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Figure 1. BD-cellulose chromatography of a 
mixture of ^60 E.co l i tRNAs. The e l u t i o n 
p a t t e r n s of tRNAA r e, tRNA^and tRNA^al 
were determined by r a d i o a c t i v e l a b e l i n g . 
- годи 
- 18,000 
with 15 μ! of a { H } - or { С ) - labeled aminoacid stock solution and 10 μΐ 
of a solution containing a mixture of all E.coli aminoacyl synthetases(Schmidt 
et al., 1970). After 5 rain, of incubation the mixture was quenched in ice. 
40 yl was pipetted onto a paperdisk (Schleicher and Schuell 593-A or Whatman 
64-164) and the tRNA was precipitated by immersion in a 10% TCA solution. Sub­
sequently the paperdisk was washed to remove the excess of radioactive amino­
acid. The number of counts (cpm), associated with the dried paperdisk, was 
determined by liquid scintillation counting. The presence of each tRNA can 
be demonstrated by varying the labeled aminoacid in the incubation solution. 
Arc Val 
As an example the distribution of tRNA and tRNA is given in Figure 1. 
Two valine specific tRNAs are fully resolved from each other, while both are 
overlapping with tRNA A r g. The first-eluting tRNA (at 0.7 M NaCl) is tRNA a ; 
the last is tRNA^al (at 1.1 M NaCl). 
DEAE-Sephadex A-50 chromatography 
Val Arf 
Subsequently the fractions containing tRNA and tRNA were purified on 
DEAE-Sephadex A-50 (Pharmacia). This material was equilibrated with a buffer, 
containing 20 raM Tris-HCl, 8 mM MgCl , 1 mM Na S 0 , 0.37 M NaCl at pH = 7.5 
(Cantoni and Davies, 1971; Reid et al., 1975). Separation was achieved with 
a linear NaCl-gradient from 0.37 M - 0.52 M in combination with a linear 
MgCl -gradient from 8 mM - 16 mM. A total gradient volume of 5 L was used 
with an elution rate of 40 mL/h. In Figure 2 an example of DEAE-Sephadex A-50 
0.D.260 1 cpm 
16,000 
12,000 
1,000 
- ί,,ΟΟΟ 
200 2U) 
elution fraction 
Figure 2. DEAE-Sephadex A-50 chromatography 
of tRNA^rg and tRNA^eu^ 
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Figure 3. Sepharose 4B chromatography of tRNA Val 
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Figure 4. Sepharose 4B chromatography of tRNA 
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Figure 5. RPC-5 chromatography of tRNA Val 
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Figure 6. RPC-5 chromatography of tRNA 
Arg 
25 
chromatography is given for the tRNA fraction. To give an impression of 
the resolution achieved, also the position of another tRNA is given (tRNA ). 
The resolution is still insufficient at this stage and therefore the tRNA 
fractions were applied to Sepharose 4B columns. 
Sepharose 4B chromatography 
Sepharose 4B (Pharmacia) was equilibrated with a buffer containing 1.0 M 
(NH ) SO , 10 raM sodium acetate,10 mM MgCl , 1 mM Na S 0 at pH = 4.5 (Holmes 
4 £t 41 ¿i ¿ ¿ ó 
et al., 1975). A linear reversed (NH) SO -gradient was used from 1.0 M -
0.0 M (NH )„S0„ with a gradient volume of 2 L. An elution rate of 40 mL/h 4 2 4 
Val Ar? 
was used. Representative elution profiles for tRNA and tRNA are given 
in Figures 3 and 4. 
RPC-5 chromatography 
RPC-5 was synthesized from a trialkylmethyl-ammonium chloride (Adogen 464) 
and a trifluoro-ethylene resin (Plaskon CTFE, 2300 grade) purchased from 
Ashland Chem.Company and Allied Chem. Corporation respectively; the proce-
dure of Pearson et al. (1971) was used. Before each RPC-5 run, the column 
was equilibrated with a buffer containing 10 mM sodium acetate, 10 mM MgCl , 
1 mM Na S 0 , 0.3 M NaCl at pH = 4.5 (Reid et al., 1975). A NaCl gradient 
from 0.3 M-0.9 M NaCl was used with a total gradient volume of 2 L and an 
elution rate of 50 mL/h. In Figures 5 and 6 some typical results are shown 
Val Are 
for tRNA and tRNA Б. 
Further characterization of E.coli tRNAs 
After purification of a tRNA a number of biochemical and physical techniques 
is used in order to check whether or not this particular tRNA is still in­
tact. To this purpose the extent of aminoacylation was measured, the intact-
ness of the polynucleotide chain was determined and the presence of "minor" 
nucleotides was detected. 
By following the enzymatic aminoacylation of tRNA as a function of time at 
a proper enzyme-tRNA stoichiometry the purity of the tRNA can be determined. 
Val 
In Figure 7 the kinetics of aminoacylation for tRN/t is given. The amount 
of radioactive aminoacid incorporated into the tRNA by ternary complex for­
mation with valyl-tRNA synthetase is plotted as a function of incubation 
time. For these experiments a mixture of synthetases is used. This is allowed 
26 
16 mm 
incubation time 
Val 
Figure 7. Ammoacylation of tRNA , determined by 
using partially purified valyl-tRNA synthetase. 
because of the almost absolute aminoacid- and tHNA specificity, with which 
these particular enzymatic reactions occur. The curve has been measured after 
Val 
final RPC-5 chromatography For this tRNA -sample a purity of 98% is com-
puted (Reíd et al., 1975). 
31 
The intactness of the ribose phosphate backbone can be established by Ρ NMR 
spectroscopy. If m the backbone nicks are present, this may result in an in­
creased intensity of the 5' terminal phosphate resonance and/or give rise to 
resonances at 20 ppm with respect to H PO , arising from 2'-3' cyclic ribose 
phosphate. Cyclic ribose phosphates form intermediates in alkali hydrolysis 
and ribonuclease hydrolysis of RNA. Also, nicks can be generated by metal ion 
mediated cleavage (Wintermeyer and Zachau, 1973, Sussman et al., 1978). For 
purified tRNA , tRNA and tRNA Ρ NMR spectra in the spectral region 
Glu Arg 
around 20 ppm are shown m Figure 8. Clearly, for tRNA and tRNA hardly 
if any degradation products can be detected. Some resonance intensity due to 
Trp 
cyclic phosphate is visible for tRNA . To give an impression of the verti-
31 
cal scale, a Ρ resonance corresponding to the 5'-tern>inal monoester phos­
phate in tRNA is also given in Figure 8. Each tRNA sequenced to date con­
tains a monoester phosphate at the 5'-terminus. This particular phosphate 
31 
group can be demonstrated by Ρ NMR spectroscopy because its resonance is 
27 
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Figure 8. Examples of the " Ρ spectral region, where 2'-3' 
cyclic ribose phosphate is expected to resonate. For com­
parison the 5'-terminal phosphate of tRNA^rg is also given. 
completely resolved from the diesterphosphate resonances above pH = 6.3 
(Guéron and Shulman, 1975). It could be confirmed, that all our E.coli tRNAs 
31 
studied by Ρ NMR spectroscopy, did not lack this 5'-terminal monoester phos­
phate after complete purification. 
The presence of "minor" nucleotides (Nishimura, 1972) was detected using 
standard spectroscopic techniques. 
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CHAPTER III 
DEMONSTRATION OF A TERTIARY INTERACTION 
IN SOLUTION BETWEEN THE EXTRA ARM AND 
THE D-STEM IN TWO DIFFERENT TRANSFER 
RNAs BY 1 H NMR 
Recent X-ray diffraction studies have provided a detailed picture of 
Phe 
the 3-dimensional structure of yeast tRNA . In addition to confirming the 
cloverleaf model as the secondary structure of tRNA, for which there is am­
ple support from a variety of techniques, conclusive evidence for the exis­
tence of Η-bonded interactions outside the cloverleaf framework became a-
vailable. It was shown, that the 3-dimensional structure is stabilized by 
base pairing interactions between the DHU loop and the TfC loop, between 
the extra arm and the DHU stem and by other interactions as well. With one 
exception these Η-bond interactions are not of the classical Watson-Crick 
type (Kim, 1976; Rich & RajBhandary, 1976; Ladner et al., 1975; Stout 
et al., 1976). Since these interactions involve a number of invariant ba­
ses, it is reasonable to assume their presence in other tRNAs. 
It is crucial to the understanding of the molecular basis of tRNA function 
in protein synthesis and in other processes to know whether these structu­
ral elements are also present in solution. Detection of protons involved 
in hydrogen bonding is possible using nuclear magnetic resonance techni­
ques by which it has been shown that imino protons involved in hydrogen 
bonding resonate at low field values well resolved from the resonances of 
other types of protons. Integration of these low field H spectra indica­
tes that both secondary and tertiary Η-bonds are present in solution (Reid 
and Robillard,1975). Additional evidence for the presence of tertiary base 
pairs had been obtained from earlier melting experiments (Hilbers & Shul-
man, 1974). These results, in conjunction with spectra predicted from the 
crystal coordinates on the basis of ring current calculations (Geerdes Ь 
Hilbers,1977; Robillard et al., 1976), provide strong evidence for the 
existence in solution of the tertiary hydrogen bonds inferred from the 
crystal structure. Nevertheless independent experimental proof of the exis­
tence of particular (tertiary) hydrogen bonds in solution remains necessary 
31 
(ι) to test assignments made on the basis of ring current calculations 
Phe (11) to extend conclusions made for the yeast tRNA structure to other 
tRNA species and (111) to provide a basis for the understanding of struc­
ture function relationships of tRNA. 
Assignments of tertiary resonances have been made by chemical modification 
experiments (Wong & Kearns,1974; Reíd et al., 1975) and by spinlabeling 
4 
of tRNA (Daniel & Cohn,1976). For instance CNBr-modification of the sU -
ö 
residue in crude E. coli tRNA (Wong 8t Kearns, 1974) and in E. coll ίΗΝΑΥα1 
led to the assignment of the resonance found around -14.8 ppm in E. coll 
4 
tRNAs to the A 1 4 N 7 - s U Ν H bond (Reíd et al., 1975). 
The electron density maps of both the orthorhombic and the monoclinic crys-
Phe о 7 
tal forms of yeast tRNA at 2.5 A reveal an interaction between m G 
and G , involving the ring Ν Η bond of the former to the ring N -atom of 
the latter. In this Chapter it will be shown that this interaction is pre-
Phe fMet 
sent in solution in tRNA as well as in E. coli tRNA . The chemical 
shift difference between the two resonances from these species is explai­
ned on the basis of structural differences in the two tRNAs. 
MATERIALS AND METHODS 
fMet fMet fMet fMet 
tRNA and tRNA . tRNA and tRNA were purified to homogenei­
ty from unfractionated E. coll В tRNA using the method described in Chap­
ter II. The activity of these tRNAs was tested by ammoacylation with E. 
coll methionyl tRNA synthetase, partially purified by sephadex DEAE A-25 
f Me t f He t 
chromatography (Reid et al., 1975). In addition tRNA and tRNA were 
tested in a formylation assay, including the following treatments: after 
35 
charging the formylmethionine specific tRNA with S-labeled methionine 
and subsequent formylation of the aminoacyl tRNA formed, the product was 
degraded chemically by incubation at high pH in a triethylamine solution at 
о 35 
37 С resulting in formation of oligonucleotides and free S-formylmethio-
nine. Electrophoresis of the radioactive material on Whatman 3 MM paper 
and subsequent autoradiography yielded the percentage of formylated 
fMet fMet fMet 
tRNA . tRNA was formylatable to approximately 70% and tRNA to 
90%. Note that these numbers are defined with respect to fully charged 
Met-tRNA f M e t. 
32 
7 Phe Phe 
m G-modification of yeast tRNA Yeast tRNA was purchased from Boeh-
ringer Mannheim (batch no. 1236526) and used without further purification. 
7 
Excision of m G was accomplished using a modification of the procedure of 
Wintermeyer and Zachau (1970). The tRNA was dialyzed against a solution 
containing 0.1 mM EDTA, pH = 7.0, followed by dialysis against distilled 
water. It was subsequently incubated in a 0.1 M Tris buffer at pH = 9.5 for 
о 
4 hours at 37 C. Afterwards the tRNA solution was titrated to pH 4.5 with 
о 
5N acetic acid and incubated at 37 С for 3 hours. Aniline HCl, which is 
usually employed in this second incubation step, was not added to the reac­
tion mixture in order to prevent scission of the sugar phosphate backbone 
in the extra arm of the tRNA. The resulting product was analyzed in two 
ways: i) by electrophoresis on a 9% Polyacrylamide gel containing formamide 
to establish the possible presence of 1/4- and 3/4- tRNA fragments resul­
ting from cleavage at position 46. ii) by UV-difference spectroscopy, be-
7 
cause the m G-residue exhibits an UV absorption band at 292 nm, which is 
resolved from the chromophore absorption at 260 nm and may serve as a mar-
7 
ker for the m G removal (Cantoni & Davies, 1971 ; Ogasawara et al., 1975; 
Lawley & Brookes, 1963) . 
In Figure 1A a densitometer scan of a Polyacrylamide gel is shown for 
Phe ι 
tRNA , in which at position 46 the N -C glycosidic bond between the 
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Figure 1A. Densitometer 
scan of a 9% Polyacryl­
amide gel of yeast 
tRNAPhe, modified at 
the m^G -position. 
Figure IB. UV-difference spectrum between 
m
7G-modified and unmodified yeast tRNA in 
the spectral range between 250 and 350 nm. 
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ribose moiety and the guanine base has been cleaved, according to the pro-
7 
cedure outlined above, resulting in the loss of m G. That only one band is 
7 
present in the gel, is a strong indication, that after removal of the m G 
base the phosphate backbone remains intact. This was corroborated in a con­
trol experiment, where we observed that 1/4-tRNA fragments and 3/4-tRNA 
fragments, resulting from undesired backbone scission, are well resolved 
from the tRNA in the Polyacrylamide gel. Thus, the densitogram in Figure 1A 
clearly establishes the full homogeneity of the macromolecular material and 
7 
the absence of fragments. Moreover, the position of the m G modified tRNA 
in the gel is identical to that of unmodified tRNA, indicating a polynu­
cleotide chain of correct size. 
Figure IB presents an UV-difference spectrum between modified and unmodi­
fied tRNA in the spectral range between 250 nm and 350 nm. The chemically 
treated tRNA served as the reference substance m the spectrometer. This 
7 difference spectrum definitely establishes the disappearance of m G upon 
modification. 
Phe 7 
Yeast tRNA and its m G modified derivative were aminoacylated in a hete­
rologous incorporation assay using partially purified E. coli phenylalanyl 
7 
tRNA synthetase. The m G modified material displayed aminoacylation proper-
Phe 
ties, very similar to those of intact yeast tRNA , as shown in Figure 8B. 
NMR-spectra. High resolution H NMR spectra of yeast tRNA were obtained 
using a Bruker 360 MHz spectrometer, operating in the correlation spectros­
copy mode (Dadok & Sprecher, 1974, Gupta et al., 1974). 2000 scans of 3 s 
each were accumulated in a Nicolet BNC 12 computer. The tRNA was dissolved 
in a buffer, containing 10 mM cacodylate, 10 mM EDTA, 10 mM Na S 0,, pH = 
7.0 and spectra were recorded at 35 C. 
360 MHz H spectra of E. coli tRNA were recorded at 45 C, using the 
same instrumentation, by accumulating 300-400 scans of 6 s - 12 s each. 
These samples were dissolved in the same buffer, except for the Na S 0 
concentration, which was now 100 mM. 
RESULTS AND DISCUSSION 
According to the X-ray diffraction studies (Kim, 1976; Stout et al., 1976) 
of yeast tRNA , residue m G is base paired to G . The latter also par­
ticipates in a normal Watson-Crick base pair with С as shown in Figure 2. 
A hydrogen bond is formed between the N H-moiety of m'G.„ and the N.-atom 
1 4b 7 
of G . This interaction is also indicated in the cloverleaf model of yeast 
34 
C13 
Λ ,- / I / G22 Figure 2. Bonding scheme of 
' .* m'G4gp Ojo a nd C-^ g in yeast 
Ï Y tRNAPhe. The hydrogen bond be-
NV^- Nv. ¿ Ρ tween m^G^g and G22 discussed in 
II 1 m 7G46 t'le t e x t l s indicated by the 
CH large capital H. 
N ry ¿ ^ 
Phe 
tRNA by a solid line in Figure ЗА. From earlier experiments performed with 
oligo A-(oligo U) we expect this hydrogen bonded proton to resonate in the 
spectral region between 15 and 10 ppm downfield from DSS (Geerdes Ь Hilbers, 
f Het 7 1977; Kallenbach et al., 1976). In E coli tRNA a m G is present at po-
Phe 
sition 47, which by analogy to yeast tRNA is expected to hydrogen bond 
to G m de DHU-stem (see cloverleaf model m Figure 3B). Consequently a 
resonance from this triple interaction may be expected in the same spectral 
region. This was investigated by comparing the low-field spectra of these 
7 
tRNAs with the spectra from corresponding species modified at the ra G posi­
tion. 
Phe Phe 7 
Figure 4 shows the 360 MHz proton spectra of intact tRNA and tRNA -m G 
between 15 to 10 ppm downfield from DSS, together with their difference 
spectrum. The latter was obtained by substracting spectra A and В after 
they were scaled. The scaling was performed by equating the low-field reso­
nances at -14.4 ppm in spectra 4A and 4B. From the difference spectrum it 
7 
is clear that intensity is lost around -12.5 ppm after m G excission. The 
integrated intensity of the peak in this spectrum corresponds to about 1.2 
7 
- 1.3 protons. Moreover, it is evident that removal of the m G residue cau­
ses only small additional spectral changes. For instance around -13.3 and 
-13.7 ppm some slight shifts are observed, while around -10.5 and at -13.3 
7 
ppm some intensity is lost in the m G deficient material. 
35 
Figure ЗА. Primary structure of 
yeast tRNA " e as determined by 
RajBhandary and Chang (1968). 
Solid lines represent tertiary 
interactions expected to be vi­
sible in the NMR-spectrum. 
Figure 3B. Primary structure of 
E. coli tRNA f M e t as determined 
by Dube et al. (1969). Solid 
lines represent tertiary inter­
actions expected to be visible 
in the NMR-spectrum on the 
basis of the crystal coordina­
tes of yeast tRNA p h e. Bonding 
between G-^ g-Cgy has been assumed. 
Note, however, that instead the 
neighboring residue G20 might be 
involved in this interaction. 
Λ .'t л» 
- Α β 
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Figure 4. 360 MHz H NMR spectra of intact yeast 
tRNAphe (A) and yeast tRNAPhe-m7G (B), together 
with their difference spectrum (Α-B). Positions 
are given with respect to DSS. The difference 
spectrum is scaled with respect to spectra A and 
B. 
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Figure 5. 360 MHz H NMR spectra of E. coli 
tRNAf M e t (1) and E. coli tRNA* M e t (2), to­
gether with their difference spectrum (1-2). 
Positions are given with respect to DSS. The 
difference spectrum is scaled with respect to 
spectra 1 and 2. 
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In Figure 5 the 360 MHz proton spectra of tRNA and tRNA ' are presen­
ted together with their difference spectrum. This spectrum is rather diffe­
rent from that in Figure 4. It shows that at -13.6 ppm a resonance with an 
7 
integrated intensity of 1 proton, which we assign to m G Ν H, is lost when 
fMet fMet 
comparing the tRNA -spectrum to the tRNA -spectrum. Moreover, another 
resonance at -13.8 ppm with an integrated intensity of 1.1 protons is shif­
ted. In principle this interpretation can be reversed,i.e. the peak at 
7 
-13.8 ppm could be assigned to the m G Ν H. We prefer the first interpreta­
tion for reasons to be discussed below. Around -12.2 ppm effects of slight 
7 
shifts due to the m G ·*Α. transition are visible. 
The difference spectra in Figure 4 and 5 in conjunction with the X-ray data 
obtained for tRNA provide strong evidence that in solution the m G resi­
dues in the extra arms of tRNA and tRNA are involved in hydrogen 
bonding to the DHU stem as indicated in Figure 2. The resonance positions 
of these hydrogen bonded protons are rather different, i.e. -12.5 ppm and 
-13.6 ppm and it is interesting to examine possible structural differences 
between the two tRNAs responsible for this shift. Both tRNAs are so called 
class 1 tRNAs, sometimes characterized as having a D V structure, i.e. a 
tRNA with four base pairs in the DHU stem and five bases in the extra arm. 
They have identical extra arms, consisting of the pentanucleotide sequence: 
7 
A** /иι=^~G"I1, G'V-C.f,,... . The numbers between the brackets refer to the num-
44(45) 48(49)
 f M e t p h e 
bering of the bases in tRNA and those outside the brackets to tRNA 
The relevant parts of the DHU domains of both tRNAs are given below: 
Yeast tRNA P h e E. coli tRNA5 M e t 
1 
A2r--- A14- U8 A22--- , A14- s 4 u8 
" Ч б - ^ І З
 Ш
Ч7-С23-С13 
A9----A23-U12 G9----C24-G12 
G24-Cll U25-All 
C25" m 2 G10·· - Λ δ C26-G10----G46 
Phe 7 In tRNA the m G.--G0„-C,_ triple is sandwiched between two triples: 
46 ¿¿ IO 
A ....A -U at one side and A ....A -U at the other side. A similar 
J^. X4 О У ¿¡S í¿ . 
structure is to be expected in tRNAÍMet,i.e. A„„....A,.-s U0 at one side. 
1 22 14 8 
38 
However, in position 9 a G residue is found and a concomitant change in 
positions 24 and 12 to С and G has taken place. In analogy to the 
Phe 
structure in tRNA (Figure 6A) Kim (1976) and Brennan & Sundaralingam 
(1976) have proposed a hydrogen bonded scheme for this triple (compare Fi­
gure 6A and 6B). 
A» N r 
H 
H-ri 
G9 K' 
> r 4 ^ 
H 
Г 
N-H -О 
// ^ 
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 ч 
С " ^ Д 
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Figure 6. Bonding scheme of Ад, A23 and \i\2 (Figure 6A) and G31 
C24 and G^2 (Figure 6B). The latter has been proposed by Kim 
(1976) and by Brennan & Sundaralingam (1976). 
It is now well established that the resonance positions of the hydrogen 
bonded imino protons in tRNAs are mainly determined by the ring currents 
of the neighboring bases From our earlier calculations (Geerdes & Hil-
bers, 1977), based on the Duke model, it follows that the ring current 
7 
shift contributions to the m G N H-N_G hydrogen bonded proton in 
_ 46 1 t £i¿ 
Phe 
tRNA are comprised of 0.75 ppm from A , and 1.25 ppm from A . Other 21 9 
surrounding bases contribute positive and negative amounts of a few hun-
dredths ppm. The total shift amounts to 2.0 ppm which leads to an intrin-
7 
sic position of -14.5 ppm for the m G Ν H proton in the hydrogen bond. If 
the E. coll tRNA structure is highly similar to that of yeast tRNA 
f Met 
we would expect the shift from A in tRNA to be equivalent to that of 
Phe A in tRNA . Instead of A , now G would be expected to contribute an 
estimated shift of 0.5 ppm, when it is substituted for A and hydrogen 
bonded as indicated in Figure 6B. This leads to a total shift of approxi­
mately 1.2 ppm and a resonance position of -13.3 ppm, i.e. 0.3 ppm to 
higher field than actually measured This shift difference indicates the 
f Met 
existence of slight structural differences between tRNA and the Duke 
39 
Phe 7 
model of tRNA around the m G 4 7"
G
 -С triple (apart of course from the 
substitutions discussed above). The shift difference may originate from a 
7 7 different overlap between G and m G compared to A over m G in yeast 9 47 Э 46 
Phe 
tRNA or from a different orientation of A with respect to 21(22) 
m G„„,.„. in the two tRNAs. 46(47) 
Figure 7. Projection of Ag onto the plane, determined by G22 
as computed from the model of Sussman & Kim (1976), Figure 
7A and Quigley et al., (1975), Figure 7B. In space A is 
located above the plane through G . 
In Figure 7 residue A is projected onto the plane determined by G , sho-
9 ¿2, 
wing the orientation of A with respect to the m GN proton. Figure 7A is 
9 1 
based upon the crystal data of Sussman & Kim (1976a,b), while Figure 7B 
presents the orientation derived from the coordinates of Rich and cowor-
kers (Quigley et al., 1975, Quigley & Rich, 1976) The ring current con-
7 
tribution of A to the m G ring NH proton reduces from 1.2 to 0.9 ppm in 
the latter model. Given this difference between the two models of tRNA Phe 
the difference of 0.3 ppm obtained for the calculated and measured posi-
tion in tRNA on the basis of the Duke model leads us to conclude that 
the base overlap around m G,„ in tRNA^ is highly similar to the base 
47 ! „, 
Phe 
overlap in the analogous region in yeast tRNA 
7 
The difference in folding of the m G-deficient tRNAs and the tRNAs from 
40 
7 
which they are derived seems to be negligible. Removal of the m G in 
Phe 
tRNA results in the disappearance of one resonance. According to our 
calculations this residue does not, via its ring current, contribute to 
the position of nearby hydrogen bonded protons. As expected no shifted 
resonances are observed in the difference spectrum (see Figure 4) In 
fMet fMet 7 
going from tRNA to tRNA , the change m G to A results, apart 
from the loss of one resonance at -13 6 ppm, in an upfield shift of 0.1 
ppm of the resonance at -13.8 ppm Originally this resonance was attnbu-
fMet 
ted to AU11 (Shulman et al., 1973). If we assume that A in tRNA f Met 7 
occupies the cavity where in tRNA the m G is situated an upfield 
shift of 0.1 ppm of AU11 under the influence of A is not unreasonable 
This was the reason for the assignment of the resonance at -13 6 ppm to 
7 
m G Ν H. A reversal of this assignment, indicated above, will not affect 
Phe fMet 
the conclusion concerning the similarity of the tRNA and tRNA 
7 
structure around the m G _... G -С triple. Furthermore we can say that 
fMet fMet 
structural differences between the isoacceptors tRNA and tRNA are 
negligibly small on the basis of the imino proton spectra. 
Recently in a series of elegant experiments Daniel and Cohn made a NMR 
study of tRNA and tRNA in which they assigned the m G Ν H reso­
nance indirectly using spinlabeled material (Daniel & Cohn, 1976, Daniel 
& Cohn, 1975) This yielded a position of -13.3 ppm for this tertiary hy­
drogen bonded proton, i.e. 0.3 ppm upfield from the position obtained in 
the present experiments. Somewhat surprisingly, however, they find that 
f Met four tertiary hydrogen bonded resonances from tRNA are shifted 0.3 ppm 
f Met 
upfield with respect to the positions obtained for tRNA . This is par­
ticularly evident for the resonance at lowest field (-14.8 ppm in tRNA e ) 
4 1 
assigned to s U -A . We did not find such shifts and thus no substantial 
structural differences between the two isoacceptors It is known, however, 
fMet 
that the 3-dimensional folding of tRNA is rather sensitive to solution 
++ 
conditions. In the absence of Mg ions, the optical melting temperature, 
о 
corresponding to the disruption of tertiary structure, is 16 С lower for 
fMet fMet 
tRNA than for tRNA (Crothers et al., 1974). Moreover, it is evi­
dent froin the charging kinetics of the two species, that under our assay 
fMet fMet 
conditions the aminoacylation of tRNA and tRNA is rather different 
1 J
 7 
(Fig.8A, Daniel & Cohn, 1976).To assess the importance of m G in an inde-
Phe pendent way, the aminoacylation of yeast tRNA was compared with that of 
yeast tRNA -m G in a heterologous incorporation assay using E. coli phe-
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Figure 8. Comparison of aminoacylation properties of E. coli 
fMot fMpt 
tRNAi and E. coli tï»^ using partially purified E. coli 
methionyl tRNA synthetase (Figure 8A). Comparison of aminoacyla-
tion properties of yeast tRNA and yeast tRNA-ra G using partially 
purified E. coli phenylalanyl tRNA synthetase (Figure 8B). The 
lower curve in each of the Figures corresponds to the tRNA spe-
cies without m'G. 
nylalanyl tRNA synthetase as shown in Figure 8B. The absence of m G has 
percentage wise significantly less influence in this instance. 
In conclusion we have found that a combination of specific chemical modifi-
cations and H NMR is able to reveal the existence of particular structu-
7 
ral features of tRNA in solution, e.g. the presence of a tertiary m G -
4b 
Goo hydrogen bond interaction between the extra arm and the D-stem. More-
over, it is shown that the structure of other tRNAs can be related to the 
Phe 
structure of yeast tRNA 
Phe 
Recently, a paper on the tertiary structure of yeast tRNA in solution 
7 
appeared, in which the resonance position of the m G "G hydrogen bond 
was calculated near -12.5 ppm (Römer & Varadi, 1977). This is in excellent 
agreement with our assignment of this tertiary Η-bond, based upon chemical 
excision of the m G,„-residue. 46 
42 
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In contrary to the other Chapters dealing with H NMR spectra, 
in this Chapter downfield shifts are defined as negative. 
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CHAPTER IV 
STUDIES OF YEAST t R N A P h e BACKBONE STRUCTURE 
IN SOLUTION BY Ρ NMR 
During the last five years much effort has been spent in characteri­
zing the proton magnetic resonance spectra of transfer RNAs. Most of these 
studies were specifically directed toward the interpretation of spectra 
from hydrogen-bonded protons and methyl groups. These studies have yielded 
structural and dynamical information on transfer RNAs in solution (Kearns, 
1977; Hilbers, 1979; Robillard & Reid, 1979). So far the information con-
31 
tained in the Ρ spectra has not been explored, although recently the po-
31 
tential of Ρ NMR applied to tRNAs has been indicated by Guéron & Shulman 
31 
(1975). It was found that the Ρ NMR spectra consist of a large, structu­
red resonance coming from the majority of the diester phosphates present 
Phe in tRNA; in the case of yeast tRNA , approximately 60 diester phosphates 
contribute to this large resonance. In addition, a number of resolved re­
sonances, covering a spectral region of roughly 8 ppm, are found up- and 
downfield from the main resonance. One of the isolated resonances could be 
assigned to the 5'-terminal monoester phosphate on account of its titra­
tion behaviour (Guéron & Shulman, 1975). From the temperature dependence 
of the spectra, it was concluded that the other isolated resonances most 
likely arise from special foldings in the sugar phosphate backbone. Such 
special foldings are expected to occur in the loop regions on the basis of 
Phe 
recent X-ray studies of yeast tRNA (Jack et al., 1976; Sundaralingam et 
al., 1976; Kim & Sussman, 1976; Quigley & Rich, 1976; Stout et al., 1978; 
Hingerty et al., 1978; Holbrook et al., 1978; Sussman et al., 1978). At 
high temperature, where the molecule is essentially in the random-coil 
form, the isolated resonances merge with the large central peak (Guéron L· 
Shulman, 1975). 
31 
The relatively large Ρ shifts found for tRNAs are not observed for 
single- and double-stranded RNA and DNA oligonucleotides. For these model 
31 
systems the Ρ resonance positions are located within the envelope of the 
main resonance found in tRNA spectra (line width at half-height is 'ЧЭ.в 
ppm). However, significantly downfield shifts were observed when actinomy-
cin D was intercalated into double-stranded DNA indicating that the 
45 
position of resonances from the phosphate backbone depends on the confor­
mation of the nucleic acid (Patel, 1976, Reinhardt & Krugh, 1977). 
31 
For assignment purposeswe have studied the Ρ spectra of modified forms of 
Phe yeast tRNA . The chemical or enzymatic modifications cause well-defined 
31 
changes in the Ρ NMR spectra individual, resolved resonances at high or 
low field from the main resonance either merge with the large resonance or 
shift to the terminal monoester or the 2',З'-phosphate position. By compa­
ring the spectra with the spectrum of the intact tRNA, we have been able to 
localize diester phosphates associated with resolved resonances within the 
tRNA structure. Conformational details of the tRNA backbone structure in 
solution are discussed in relation to the X-ray diffraction results. The 
degree of intactness of the modified tRNAs was estimated by using the cor­
responding low-field H NMR spectra of the hydrogen-bonded protons. 
EXPERIMENTAL SECTION 
Phe 
Materials Yeast tRNA was purchased from Boehringer (batch no. 1236526) 
and used without further purification. The acceptance was 1.4 nmol of phe-
nylalanme/A unit. No nicks were present in the sugar phosphate backbone 
as judged by Ρ NMR. Pancreas RNase A and RNase Τ were purchased from 
Boehringer and Calbiochem, respectively Sephadex G-100 was obtained from 
Pharmacia, and 99.75% pure I 
cals were analytical grade. 
Phe 
The chargeability of yeast tRNA and of its modification products was 
examined in a heterologous incorporation assay using partially purified 
Escherichia coli phenylalanyl-tRNA synthetase. 
31 
Instrumentation and Methods. The Ρ NMR spectra were recorded on a Vanan 
XL-100 spectrometer, operating in the Fourier transform mode at 40.5 MHz. 
Heteronuclear proton noise decoupling was used to remove the J coupling 
induced by the ribose protons. A pulse width of 20 us was employed, cor-
o 
responding to a flip angle of 45 . Accumulation proceeded during 16-20 h 
with a spectral width of 2000 Hz and an acquisition time of 1 s, no pulse 
delay was used. Usually, a sensitivity enhancement was applied, yielding a 
о 
line broadening of 0.6 Hz. The spectra were recorded at 33 or 35 C. Repor­
ted chemical shifts are given relative to 20% H PO as an external refe­
rence with downfield shifts defined as positive. tRNA samples were dissol­
ved in 0.2 mL of D O buffer, containing 30 mH cacodylate, 80 mM NaCl, 1 mM 
EDTA, and 10 mM MgCl , at pH 7.0, unless specified otherwise. The D O sol-
D O was purchased from Merck. All other chemi 
46 
vent was used as an internal deuterium field frequency lock. 
High-resolution H NMR spectra were obtained on a Bruker 360-MHz spectro­
meter operating in the correlation spectroscopy mode (Dadok & Sprecher, 
1974; Gupta et al., 1974). Scans of 2 or 3 s each were accumulated in a Ni-
colet BNC-12 computer. Unless specified otherwise, the buffers were the 
31 
same as described for the Ρ experiments, except that H O solutions were 
used; spectra were recorded at 35 C. Reported chemical shifts are given re­
lative to sodium 4,4-dimethyl-4-silapentane-5-sulfonate (DSS), with down-
field shifts defined as positive. 
о 
Fourier transform infrared (FTIR) spectra were recorded at 20 С on a Digi-
lab FTS 15 BD spectrometer. Scans (200) of 1.5 s each were accumulated. The 
Michelson interferogram was Fourier transformed after phase correction in 
the time domain and application of a triangle apodization function. 
Fluorescence spectra were recorded on a Perkin-Elmer MPF-4 fluorescence 
spectrophotometer. 
Analysis of the enzymatically treated tRNAs was performed on a Sephadex G-
o 
100 column (1.7 χ 150 cm) thermostated at 60 C. Calibration of this column 
was carried out with five model systems that were used to construct an An­
drews plot. 
Modification Procedures 
Phe 
(1) Cyanoethylation. Cyanoethylation of yeast tRNA was performed with 
acrylonitrile (Siddiqui et al., 1970). It has been shown that cyanoethyla­
tion occurs almost exclusively at the N atoms of pseudouridines (Rake & 
Phe 
Tener, 1966; Siddiqui et al., 1970). For yeast tRNA these are Ψ39 and 
Ψ55 (see cloverleaf model, Figure 4). The reaction results in the formation 
of chemically stable N -(cyanoethyl)pseudouridine (Ofengand, 1967). The de­
gree of cyanoethylation was measured by determining the loss of acceptor 
activity (Siddiqui et al., 1970). After termination of the modification re­
action, the remaining chargeability amounted to about 8% with respect to 
intact tRNA, indicating that in 92% of the material pseudouridine had been 
converted. Incorporation of cyanoethyl groups could be confirmed from a 
comparison of FTIR spectra of the normal and the modified tRNA. Analysis 
7 
of the modified tRNA by UV spectroscopy at 292 nm indicates that the m G 
base has been partially converted to an open-ring derivative, due to the 
alkaline conditions used for the cyanoethylation process. 
Phe 
(2) Pancreas RNase Modification. Endonuclease modification of yeast tRNA 
47 
with pancreas RNase A was performed using the following procedure. Yeast 
Phe tRNA (6.7 mg) was dissolved m 2 mL of buffer, containing 50 mM Tris-HCl 
and 20 m.M MgCl with pH 7.5, after which 41 \.L· of a pancreas RNase A stock 
solution in H O (0.4 mg/mL) was added. Subsequently, the tRNA solution was 
incubated at 17 С for 100 m m . Afterwards, the solution was quenched in 
ice, followed by two phenol extractions, using buffer-saturated phenol 
(Reíd et al., 1972). Then, the tRNA was dialyzed against distilled water 
and subsequently lyophilized. Upon modification the chargeabiity of the 
tRNA decreased to 26%. The resulting material was analyzed with the cali-
o Phe 
brated Sephadex G-100 column at 60 C. After modification, ^75% of tHNA 
was converted to half molecules, ι е., nicked in the anticodon loop in ac­
cordance with expectation as will be discussed below, 10% of the tRNA has 
not reacted, while 15% has been digested further to one-quarter molecules. 
Phe (3)RNase T^ Modification.Endonuclease modification of yeast tRNA with 
RNase Τ was carried out according to the following procedure. Yeast 
Phe 
tRNA (6.7 mg) was dissolved in 2mL of buffer, containing 50 mM Tris-HCl 
and 20 mM MgCl with pH 7.5, after which 37 yL of a RNase Τ stock solution 
in H O (1.2 mg/mL) was added. Subsequently, the tRNA solution was incubated 
о 
at 17 С for 100 min. After this, the sample was treated in the same way as 
in the case of the pancreas RNase modification described above (Reíd et al., 
1972). After RNase Τ modification the chargeability decreased to 33%. The 
resulting material was analyzed with the calibrated Sephadex G-100 column 
о 
at 60 C. After modification, a mixture of three-quarter and one-quarter 
tRNA molecules, produced by side-loop cleavage, was obtained and, in addi­
tion, small oligonucleotides with an average length of 'ΐΊΙ residues were 
obtained. 
(4) Excision of the Y Base. Excision of the Y base was performed according 
to the procedure of Thiebe & Zachau (1968b), aniline hydrochloride was 
omitted from the reaction mixture in order to prevent scission of the poly­
nucleotide chain. From fluorescence spectra it could be deduced that at 
least 87% of the Y base had been removed. Polyacrylamide gel electrophore­
sis showed that less than 16% of the tRNA was cleaved in the anticodon loop 
after Y-base removal. After Y-base removal the chargeability of the tRNA 
was reduced to 14%. 
RESULTS 
31 
The Ρ spectra of native tRNAs studied so far are characterized by one 
48 
I UJuJIiil-LjL 
ο -5 
ppm 
О -5 
ppm 
31 
Figure 1. (Left) 40.5-MHz Ρ NMR spectrum of intact 
yeast tRNA p h e in 30 raM cacodylate, 80 mM NaCl, 1 ml.l 
EDTA, and 10 mM MgCl2 at pH 7 in D2O, recorded at 33 С 
(Right) spectrum simulated with 76 Lorentzian lines, by 
using a line width at half-height of 3 Hz (see text). 
main large structured resonance and a number of well resolved resonances at 
high and low field with respect to the main resonance. This is true for 
yeast tRNA and E.coli tRNA studied by Guéron & Shulman (1975) as well 
as for a number of other E.coli tRNAs (Salemink and Hilbers, unpublished 
experiments). The positions of the resolved resonances are sensitive to so-
lution conditions but are very well reproducible when recorded under the 
31 Phe 
same conditions. Below, Ρ spectra of intact yeast tRNA under two solu­
tion conditions are studied, followed by a discussion of the effect of cy-
anoethylation, the effect of modification with pancreas RNase and RNase 
Τ , and the effect of removal of the Y base. Moreover, a correlation with 
I 1 
H NMR spectra of the hydrogen-bonded protons of these modified tRNA species 
will be made. 
49 
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Figure 2. (Left) 40.5-MHz Ρ NMR spectrum of intact yeast 
tRNAPhe, subjected to phenol extraction. Solution condi­
tions were the same as those described in Figure 1. (Right) 
spectrum simulated with 76Lorentzian lines, by using a line 
width at half-height of 3 Hz (see text). 
31 Phe 31 
Ρ Spectra of Intact tRNA In Figure 1 a 40.5-MHz Ρ spectrum of intact 
Phe 
yeast tRNA is given. For convenience, the resolved resonances at high and 
low field have been lettered b-j_. The relative intensity of these resonances 
was determined by integration, taking resonance lj equal to unity, and by 
comparison of the experimental spectrum with a simulated spectrum. The simu­
lated spectrum was obtained by convoluting 76 Lorentzian lines (based on the 
76 phosphate groups present in the tRNA) by using line widths at a half-
height of 3 Hz. The experimental and simulated spectra are compared in Fi­
gure 1. The resonances at high field tend to be somewhat broader than 3 Hz, 
giving a less perfect fit than the resonances at low field. The line width 
of the resonance from the terminal phosphate at ^3.5 ppm is always found to 
50 
be somewhat smaller than 3 Hz, most probably due to its increased motional 
freedom in comparison with the diester phosphates. To give an impression of 
the distribution of the resonances, a stick spectrum is added to the simu­
lated spectrum (Figure 1). 
The intensities of the individual resonances obtained by these procedures 
are summarized in Table I. The resonances b, c^  and e^  represent single 
diester phosphate groups and the resonances d, з^, and j^  correspond to two 
diester phosphates each. Resonances ¿ + h together represent seven phospha-
te groups. Finally, the most low field resonance, a, is from a single phos-
phate which, as has been indicated above, can be assigned to the 5'-termi-
nal phosphate. The estimated error in the intensity of the resolved reso-
nances is ±20%, while that of the strongly overlapping resonances g and 
li corresponds to about one phosphate group. In the discussion below reso-
nance f_ will not be taken into consideration because of its strong overlap 
with the main resonance. Differences in signal intensities due to nuclear 
Overhauser effects (NOE) have been neglected. It can be shown that for cor-
-8 
relation times of τ ^ 10 s (estimated correlation time for tRNA) NOE 
с 
hardly contributes to the signal intensity. The distance between the radio 
frequency pulses (1 s) is close to the longitudinal relaxation time Τ , and 
consequently, differences in intensities may arise if Τ values for diffe­
rent diester phosphates are not the same. We expect these differences to be 
Phe 
small except for the terminal phosphate. After intact tRNA has been sub­
jected to phenol extraction, as is necessary after enzymatic cleavage of 
the tRNA to stop the endonuclease reaction, some spectral changes are indu-
Tablc I Intensities of Resolved 3 1 P Resonances 
modificn of 
yeast g + 
tRNA p h e b с d, d d2 e h ι j , j j , 
intact tRNA 1 1 2 1 7 2 2 
1 7 2 1 1 
<1 - - -
- 9 2 1 
phenol 
extraction 
cyano-
ethylation 
pancreas 
RNase 
RNase T, 
Y base 
1 1 1 1 
_ _ _ _ 
1 - 1 1 
1 1 1 1 
1 1 2 
3 
8° 
0
 bstimation for resonances g + h + ι 
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eed in the Ρ spectrum. This is shown in Figure 2, where the spectrum of 
the phenol-extracted tRNA is given together with its simulated spectrum. 
The lettering of the resonances is an extension of that in Figure 1. Reso­
nances d and j and to a smaller extent resonance i (Figure 1) are further 
resolved into single diester phosphate resonances (Figure 2). We do not 
know the reason for these spectral changes, but they nicely confirm the in­
tegration discussed above (see Table I). In conclusion, about 17 phosphate 
Phe 
resonances are resolved from the main resonance in intact yeast tRNA 
Cyanoethylation. For the mild conditions under which the cyanoethylation 
reaction of Siddiqui et al. (1970) is performed, no cleavage of the phos­
phate backbone is expected to occur. Indeed, no resonances from cyclic ri-
31 
bose phosphate could be observed in the Ρ spectrum of the cyanoethylated 
tRNA. Also, the relative intensity of the terminal-phosphate resonance at 
4 ppm remained equal to that in intact tRNA within experimental accuracy 
(Figure 3). 
31 
Figure 3. Ρ NMR spectrum (40.5 
MHz) of cyanoethyl tRNA p h e, dis­
solved in a solution containing 
10 mM cacodylate, 100 mil NaCl, 
10 mM N328203, 10 ml.l MgCl2, and 
1 mM EDTA at pH 7 in D2O. 
The spectrum was recorded at 35 C. 
ppm 
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и. 
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Figure 4. Cloverleaf structure of yeast tRNA as deter­
mined by RajBhandary & Chang (1968). Asterisks indicate 
diesters with a deviating geometry (Jack et al., 1976). 
The dashed lines represent two base-phosphate interactions; 
the solid lines represent tertiary hydrogen-bond interac­
tions expected to be visible in the low-field ^H NMR spec­
trum. 
As a result of modification of Ψ55 we expect the interaction between the 
DHU and the TTC loop to be significantly weakened (see Figure 4). The in­
teraction between С^э anc* ^55 found in the X-ray structure model will most 
likely be disrupted (Kim, 1976; Rich & RajBhandary, 1976; Ladner et al., 
7 
1975; Stout et al., 1976). This and the partial disruption of the m G. 
base may affect the other tertiary interactions as well. This is demonstra­
ted by the hydrogen bonded proton resonance spectrum given in Figure 5B. 
Comparison with the spectrum of the intact tRNA (Figure 5A) shows that it 
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Figure 5. H NMR spectra (360 MHz) of intact tRNA , 
2000 scans (A), cyanoethyl-tRNAphe, 1200 scans (В), and 
a simulated spectrum (С). The tRNA was dissolved in a so­
lution containing 10 mM cacodylate and 10 mM EDTA at pH 7 
in Η,Ο. The spectra were recorded at 35 C. The buffer for 
the intact tRNA also contained 10 mM Na S 0_. 
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is quite different. The resonance at 14.3 ppm, equivalent with two hydro­
gen-bonded protons, has disappeared in the spectrum of the cyanoethylated 
material. One of the protons contributing to this resonance comes from the 
U -A tertiary base pair (Wong & Kearns, 1974, Reid et al., 1975, Daniel 
о 14 
& Cohn, 1975), while there are some indications that the other proton con­
tributing to this resonance comes from the Τ -m A tertiary base pair 
(Robillard et al., 1976b, Geerdes & Hilbers, 1977) At high field between 
11 and 9 ppm most of the resonance intensity has disappeared in Figure 5B. 
Again this indicates that after modification tertiary structure has been 
disrupted Most of the resonances in this spectral region are thought to 
come from exocyclic amino protons involved in hydrogen bonds (Reid et al., 
1975, Stemmetz-Kayne et al., 1977). 
If for the moment we assume that after modification we are left with 
Phe 
tRNA without tertiary structure, we expect to see a resonance of the GU 
pair in the acceptor stem around 10.5 ppm (Robillard et al., 1976a, Baan 
et al., 1977). Indeed, we find a resonance at 10.2 ppm, which by double-
resonance techniques has been shown to come from the G -U.,. pair in the 
4 69 
acceptor stem (Johnston & Redfield, 1978). To estimate the relative inten­
sity distribution of the resonances in Figure 5B, we simulated a spectrum 
Phe 
by convolutmg 21 Lorentzian lines expected from a tRNA cloverleaf mole­
cule (Figure 5C). The resonance at 10.2 ppm was taken to be equal to unity. 
In Table II the simulated positions are compared with resonance positions 
Phe determined experimentally for yeast tRNA on the basis of melting studies 
(Robillard et al , 1977), studies on hairpin fragments (Lightfoot et al., 
1973, Rordorf, 1975), and double-resonance experiments (Johnston & Redfield, 
1978). The base pair Α -Ψ has been omitted, because it is assumed that 31 39 
this base pair is disturbed by cyanoethylation. The agreement of the reso­
nance positions obtained in the present study with those from the litera­
ture studies is as good as can be expected for such a comparison. This and 
the proper intensity distribution m Figure 5B form strong evidence that 
the secondary structure has remained intact in the cyanoethylated tRNA. 
31 
The effect of cyanoethylation on the Ρ spectrum is shown in Figure 3. It 
is evident that all resonances Ъ-± visible in Figure 1 have merged with the 
main resonance with the exception of some diffuse intensity left at ιΊ ppm. 
31 
Figure 3 very much resembles the Ρ spectrum of completely melted yeast 
Phe tRNA , obtained by Guéron & Shulman (1975). Yet, as indicated above, the 
secondary structure of the tRNA has been retained after the modification 
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Table II 
exptl 
position in 
cyano-
ethylated 
tRNA (ppm) 
13 6 
13 3 
13 0 
12 5 
123 
12 2 
119 
11 5 
10 2 
intensity 
3 
1 
3 
4 
1 
4 
2 
2 
1 
exptl 
position 
based 
on lit 
data" 
14 0 
13 7 
13 7 
13 3 
13 3 
13 3 
130 
12 7 
126 
12 6 
125 
125 
124 
123 
122 
12 1 
120 
11 8 
11 8 
104 
assignment 
AU,, 
AU5 
AU6 
AU„ 
AU50 
GC,, 
AU7 
GC.o 
GC» 
GC,, 
GC30 
GCJ7 
GC, 
GC, 
GC„ 
GC3 
GC3e 
GC,ä 
GU, 
GU4 
α
 The data were taken from melting studies (RobiUard et al , 
1977), fragment studies (Lightfoot et al , 1973, Rordorf, 1975), 
and double resonance experiments (Johnston & Redfield, 1978) 
The base pair ΑΨ31, disturbed by cyanoethylation, has been omit­
ted A position for AUS, is not given because of discrepancies in 
the literature concerning this base pair In regard to the base pau 
AU,,, it is noted that its resonance position in intact tRNA is pre­
dicted at ~13 8 ppm, ι с , 0 2 ppm closer to our observed position 
of 13 6 ppm 
procedure. Apparently, the loss of tertiary structure is associated with the 
disappearance of the resolved phosphate resonances. 
Phe 
Endonuclease Modification by Pancreas RNase A. Yeast tRNA was cleaved with 
pancreas RNase A, which is specific for pyrimidines in single-stranded re­
gions. It has been shown that the ACCA terminus and the anticodon loop at the 
З'-phosphate of U (i е., phosphate 34) are most susceptible toward RNase A 
attack (Chang & RajBhandary, 1968, Reíd et al., 1972), in agreement with the 
compact structure derived from X-ray diffraction studies (Kim, 1976, Rich & 
RajBhandary, 1976, Ladner et al , 1975, Stout et al., 1976). In the present 
experiments we have obtained similar results. About 75% of the tRNA has been 
converted into half molecules, i.e. nicked in the anticodon loop (see Experi-
mental) . eg 
31 
Figure 6. Ρ NMR spectra 
(40.5 MHz) of tRNA P h e modi­
fied with pancreas RNase (A), 
tRNA P h e modified with RNase 
Τι (B), and phenol-extracted 
intact tRNA1""6 (C) . The main 
resonance in each of the spec­
tra has been cut off. The 
о 
spectra were recorded at 33 С ; 
solution conditions were the 
same as those described in 
Figure 1. 
-4 -β 
ppm 
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The Ρ NMR spectrum of this modified tRNA is presented in Figure 6A, 
Phe 
where it is compared with a spectrum recorded for intact yeast tRNA 
(Figure 6C). The latter tRNA had been phenol-extracted analogously to the 
enz 
31. 
Phe 
enzymatically treated tRNA sample (see also Figure 2). Comparison of the 
Ρ spectra of parts A and С of Figure 6 shows that the relative intensity 
of resonance ji has increased. Its intensity corresponds to 6 ± 1 phosphates 
(calibrated with respect to resonances IJ, d^  , and d , whose combined areas 
have been taken equal to three phosphates). By cleavage of the ACCA termi­
nus and by cleavage at U , four extra 3'-terminal phosphates are generated, 
superimposed on the resonance from the 5'-terminal phosphate at 3.5 ppm. 
Near 20 ppm (not shown in Figure 6) a resonance with an intensity of about 
unity is observed, arising from an intermediate hydrolysis product, i.e., 
ribose 2',3'-phosphate. The intensity equivalent to approximately seven 
terminal-phosphate resonances is in quantitative agreement with the number 
of five terminal phosphates expected after modification, since it should be 
realized that resonances from the mononucleotides will exhibit an enhanced 
intensity due to the nuclear Overhauser effect. In addition to these chan­
ges, resonances c, e, and j_ have disappeared. On the other hand, the posi­
tions of resonances t), d , d , g, li, i^, and j_ are virtually unaffected by 
the modification. The intensities of the resonances taking the intensity of 
resonance b as unity are presented in Table I. 
It is interesting to see the effect of the modification reaction upon the 
hydrogen bonds in the tRNA. In Figure 7 the low-field Η spectrum of intact 
Phe Phe 
tRNA (Figure 7A) is compared with that of the RNase A treated tRNA 
(Figure 7B). Between 11 and 13 ppm some changes in resonance positions are 
seen to occur, and at higher field, the resonance at 10.5 ppm is shifted to 
10.3 ppm. However, we do not find a decrease in the number of ring N hydro­
gen bonds of the secondary and tertiary tRNA structure (11-15 ppm) after re­
moval of the ACCA end and scission of the anticodon loop. On the basis of 
31 
these results we conclude that the disappearance of Ρ resonances с^, e^, and 
J_ has to be attributed to the disappearance of a special backbone folding 
in the anticodon loop. 
Endonuclease Modification by RNase Τ • Ribonuclease Τ specifically nicks 
Phe 
after guanosines in single-stranded RNA. The anticodon loop of yeast tRNA 
is not susceptible to RNase Τ digestion, since the only G residue present, 
G , is methylated on the 2'-0H group of its ribose. Hence, formation of ri­
bose 2',3'-phosphate, which is an intermediate in endonuclease Τ fragmenta­
se 
λ. У U1 
1Д 13 12 10 ppm 
Figure 7. Η NMR spectra (360 MHz) of intact tRNA h e , 
»Phe 
500 scans 
(A), tRNA r n e modified with pancreas RNase, 800 scans (В), and 
tRNA P h e-Y ) 1900 scans (С). The spectra were recorded in H2O with 
solution conditions the same as those described in Figure 1, ex­
cept for the [MgCl2] in Figure 7A, which was 17 raM. The spectra 
were recorded at 350C. 
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tion, is impaired. As a result, the fragments found after Sephadex G-100 
chromatography arise from side-loop cleavage which is followed by further 
digestion. Since the time constants for cleavage reactions of particular 
sites are not too different (Schmidt & Reid, 1971; Schmidt et al., 1970), 
we cannot expect such well-defined results as those obtained for the pan­
creas RNase modification. 
In Figure 6B the Ρ spectrum of tRNA resulting from RNase Τ treatment 
Phe is presented. Comparison with the spectrum of intact tRNA (Figure 6C) 
shows that the relative intensity of resonance a_ has considerably increased 
as after treatment with pancreas RNase. Guanine 3'-phosphates are generated 
by side-loop cleavage and by production of smaller fragments. Also, reso­
nances from ribose 2',3'-phosphate are observed near 20 ppra (not shown). 
After the modification, the resonances cl , d , and probably b^  remain although 
their positions are slightly affected. V/e can be less sure of resonance b^  be­
cause of overlap with the much larger resonance a. The resonances е^ i^, and 
J^  have decreased to such an extent as to be hardly visible in the spectrum. 
The integration of the resolved resonances is given in Table I, taking reso­
nance c^  equal to unity. Although the sample consists of a mixture of molecu­
les, it is well-defined in the sense that the structured molecules, from 
which we are seeing the NMR spectrum, contain the intact anticodon branch. 
Indeed, the resonances £ and ¿ lost after modification with pancreas RNase, 
remain after the RNase Τ treatment, confirming their assignment to diester 
phosphates in the anticodon loop. On the other hand, the resonances i_ and 
j,, lost after RNase Τ treatment, persist in the spectrum of the pancreas 
Phe 
RNase treated tRNA 
The 360-MHz hydrogen bonded proton NMR spectrum of the modified material is 
given in Figure 8. Comparison with the spectrura obtained after cyanoethyla-
tion (Figure 5B) suggests that more tertiary structure is retained after 
RNase Τ treatment. In the latter case, a resonance at 14.3 ppm remains and 
also more resonance intensity is retained in the 11-9 ppm region compared to 
Figure 5B. On the basis of the chromatographic analysis of the RNase Τ di-
1 
gest, we have to conclude that this Η spectrum is not merely a superposi­
tion of a cloverleaf structure plus residual tertiary structure. Extensive 
loop cleavage, e.g. in the DHU loop (four guanosines) or the Τψΰ loop, may 
have resulted in destabilization of secondary structure hydrogen bonds near­
by. This and the fact that we are looking at a mixture of species cause the 
Phe 
spectrum to be rather different from a normal yeast tRNA spectrum. 
60 
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Figure 8. H NMR spectrum (360 MHz) of RNase Tj^  modified tRNA 
(2200 scans). The spectrum was recorded at 35 С in H2O with so­
lution conditions the same as those described in Figure 1. 
31 
In conclusion, the Ρ resonances .i and _j , lost after RNase Τ modifxca-
tion, most likely come from diester phosphates in the side loops, 
Excision of the Y Base. The Y base was excised from the anticodon loop of 
Phe yeast tRNA by chemical modification according to Thiebe & Zachau 
(1968b). From the fluorescence experiments it follows that at least 87% of 
the Y base is removed, while on the basis of electrophoresis measurements 
less than 16% of the tRNA is cleaved at the position of the Y-base (see 
Experimental). 
In Figure 9 the Ρ NMR spectra of Y base deficient tRNA (Figure 9A) 
and intact tRNA not treated with phenol (Figure 9B) are compared. Ρ 
resonances b-d^  shift ^О.З ppm upfield after Y-base removal. Resonance j_ 
decreases to single phosphate intensity, while resonance £ shifts into the 
main resonance. A redistribution of resonances g-i_ has taken place, but 
within experimental accuracy their total intensity has not changed. (For 
integration data see Table I). The disappearance of resonance e^  and one re-
sonance in j^  is consistent with the conclusion that these two resonances 
61 
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Figure 9. Ρ NMR spectra 
(40.5 MHz) of tRNA P h e-Y (A) 
and intact tRNA P h e(B). The 
spectra were recorded at 
о 33 С; solution conditions 
were the same as those des­
cribed in Figure 1. 
0 -2 -4 
ррпі(НзР0і,) 
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originate from the anticodon loop (see Endonuclease Hodification by Pan­
creas RNase A) . On the other hand, the presence of resonance c^  after Y-
base removal would mean that some folding In the anticodon loop is preser­
ved This is reasonable, because the anticodon loop may still experience 
restrictions in its motion after Y-base removal, since the sugar phosphate 
backbone remains intact 
Figure 7C presents the low-field H NMR spectrum of Y base deficient 
Phe 1 Phe 
tRNA . Upon comparison with the H spectrum of intact tRNA (Figure 
7A), it is evident that one hydrogen bond is lost at 13.3 ppm, while some 
minor changes in position are present between 11 and 15 ppm. A probable 
assignment of the resonance lost at 13.3 ppm is the terminal base pair 
A -"f of the anticodon stem, which may be destabilized by the absence of 
the native structure of the anticodon loop. The spectral changes between 
11 and 9.5 ppm are very similar to those observed for the pancreas RNase 
modification. 
DISCUSSION 
31 
Ρ Spectra. Significant deviations from the normal diester phosphate geo­
metry are found in a number of internucleotide regions in the crystal 
Phe 
structure of yeast tRNA . Moreover, several diester phosphates are in­
volved in hydrogen bonding (Jack et al., 1976, Sundaralingam et al., 1976, 
Kim Si Sussman, 1976, Quigley & Rich, 1976, Stout et al., 1978, Hingerty et 
al., 1978, Holbrook et al., 1978, Sussman et al., 1978). These particular 
diester phosphates, located near invariant or semiinvariant residues in­
volved in tertiary structure, are the most likely candidates to produce 
31 
Ρ resonances, discernible from the regular diester position around 0 ppm 
(see Figure 4). Support for this comes from a number of observations. 
31 
In Ρ NMR melting experiments of tRNA, the well resolved resonances merge 
with the main resonance while proceeding from the native structure to the 
random-coil form (Guéron & Shulman, 1975). Intercalation of actinomycin D 
into double-stranded DNA results in downfield shifts of 1.5-2.5 ppm for 
31 31 
DNA Ρ resonances, indicating a relationship between the Ρ chemical 
shift and the diester conformation (Patel, 1976). Similar observations 
were made by Reinhardt & Krugh (1977). Even more drastic effects are obser­
ved for the strained nbose 2', 3'-phosphate, produced, for instance, by al­
kali hydrolysis or endonuclease digestion, which resonates near 20 ppm 
downfield from Η PO (Weiner et al., 1974). Also, theoretical calculations 
63 
31 
give some indication of a correlation between the Ρ chemical shift of a 
phosphate ester and its torsional angles ω (P-0 ,) and ω' (P-0 ,) and its 
O-P-0 bond angle θ (Gorenstein, 1975, Gorenstein & Kar, 1975, Gorenstein 
et al., 1976). 
This Chapter confirms and extends the presumed relationship between the 
Phe 
special diesters in yeast tRNA and the well resolved resonances in its 
31 
Ρ spectrum. Ring-current calculations (Geerdes, unpublished calculations) 
show that the positions of these resonances cannot be accounted for by the 
ring currents from neighboring bases. The Η spectrum resulting after cy-
anoethylation can be accounted for by assuming that only the secondary 
31 
structure is left after modification (Figure 5B) . Ρ resonances IJ-_J are 
shifted into the main resonance except for some residual intensity left at 
^1 ppm (Figure 3). Therefore, we conclude that these resolved resonances 
are generated at their positions by the specific folding and/or hydrogen 
bonding of the phosphate backbone, imposed by the tertiary structure and 
the interactions within the loops. In this respect it is interesting to 
31 
note that Ρ spectra of unfractionated yeast tRNA contain resolved reso-
Phe 
nances at positions close to those found in yeast tRNA , i.e., positions 
of resonances b, d, and j. This suggests a similar backbone conformation 
for the tRNAs in the mixture. 
The other modification procedures, i.e., pancreas RNase and RNase Τ modi­
fication and Y-base removal, lead to selective disappearance of resolved 
31 
Ρ resonances. With some exceptions the different modification reactions 
31 
perturb different Ρ resonances. RNase A leads to scission of the antico-
don loop and removal of the ACCA terminus. For intact tRNA we expect this 
latter part of the molecule to be reasonably flexible in solution so that 
31 its phosphate groups will not contribute to the resolved Ρ resonances. 
By scission at U the anticodon loop is transferred into two more or less 
31 
floppy ends, and thus one expects resolved Ρ resonances arising from 
special foldings in the anticodon loop to disappear. Indeed, the three re-
Phe 
sonances £, e^, and _j_ , present in intact tRNA (Figure 6C) , are absent 
Phe in tRNA treated with pancreas RNase (Figure 6A). Yet, after scission of 
Phe 
the anticodon loop, the hydrogen-bonded framework of tRNA remains vir­
tually intact as demonstrated by the hydrogen bonded proton spectrum (Fi­
gure 7B) . 
31 
ment, which leads to side-loop cleavage but leaves the anticodon loop in 
Resonances £ and J^  are retained in the Ρ spectrum after RNase Τ treat-
64 
tact. Therefore, we conclude that these two resonances arise from two 
diester phosphates located in the anticodon loop. We are less sure about 
resonance e, which disappears in both enzymatic modification procedures as 
—
 Phe 
well as upon removal of the Y base The X-ray data of tRNA show that the 
anticodon loop contains several special diester phosphates, i.e., phospha­
tes with torsional angles deviating from the normal g ,g conformation and 
one hydrogen-bonded phosphate (Stout et al., 1978, Hingerty et al., 1978; 
Holbrook et al., 1978). 
31 1 
The Ρ and Η spectra, obtained after RNase Τ treatment (Figures 6B and 
8), indicate that more of the tertiary structure has remained intact than 
31 
is seen after the cyanoethylation reaction (Figures 3 and 5B). The Ρ re­
sonances d and d as well as three out of a total of seven resonances from 
_ 1
 -
2
 31 
resonances J; + h remain in the Ρ spectrum in addition to the resonances 
c^  and ¿ (see Table I). The residual tertiary structure after RNase Τ 
2
 1 1 
treatment is also reflected by the Η resonance at 14 3 ppm. These observa­
tions point to the preservation of specially folded nucleotide regions in­
accessible under our incubation conditions. We expect the nucleotide re-
31 
gions Pp-P.,,, and P..-P.Q to contribute to the Ρ resonances d , d , and 
О -LU 44 4У Χ ^ 
g + h, since these parts of the molecule are relatively less susceptible to 
RNase Τ than are the side loops (Schmidt et al., 1970, Reíd et al., 1972). 
These results are consistent with recently published ω',ω plots (Jack et 
al., 1976; Hingerty et al., 1978) which contain six diesters with torsional 
angles deviating from the g ,g conformation arising from these two seg­
ments (Figure 4). 
The modification experiments in conjunction with the X-ray structure data 
31 in principle permit the assignment of some of the resolved Ρ resonances. 
However, this should be done with some caution, because different X-ray mo­
dels disagree to some extent (Hingerty et al., 1978, Holbrook et al., 1978). 
If the X-ray structure is preserved in solution, the special diester confor­
mations present in the anticodon loop, i.e., P,4, P071
 a nd the hydrogen-
bonded P„-, are expected to disappear upon scission at U (Hingerty et al., 
31 
1978). The Ρ resonances lost after this modification are located respec­
tively at low and high field with respect to the main resonance. We expect 
resonance j to come from the hydrogen-bonded P__. The reason to expect an 
—2 36 
upfield shift for the hydrogen-bonded phosphate comes from NMR studies of 
the double-helical acid form of oligo (A), which contains diester phospha­
tes in a g ,g conformation hydrogen-bonded to adenine NH groups (Rich et 
65 
al., 1961), these studies reveal an upfield shift of 1 2 ppm with respect 
to phosphate resonances of single-stranded oligo (A) or 1.8 ppm upfield 
from external H PO (Geerdes, 1979). In this context it should also be 
mentioned that protonation of diester phosphates results in upfield shifts 
(Cozzone Si Jardetzky, 1976). The phosphate groups in the anticodon loop 
with a g ,t geometry, i.e., Ρ and P_7. are expected to resonate at low 
field, as exemplified by the disappearance of resonances c^  and e. The g ,t 
geometry for Ρ appears to be a common structural feature in the different 
X-ray structure models. Because a g ,t geometry for diester phosphates Ρ 
and Ρ is also a common structural feature, we also expect Ρ and Ρ to 
resonate at low field, see also Patel (1976) . 
From the present results in combination with literature data, we arrive at 
the conclusion that deviations from the g ,g conformation as a result of 
bending or stretching and hydrogen bonding cause shifting of the diester 
phosphate resonances. It has been pointed out by Jack et al. (1976) that 
bending mainly occurs by rotating ω (P-0 ,) from g to t or by changing the 
sugar pucker on the 5' side to С , endo or by a combination of both. Stret­
ches, however, are introduced by rotating ω' (P-0 ,) to t or by changing 
31 
the sugar pucker on the 3 side to С , endo. It is to be expected that Ρ 
shifts are not sensitive to the sugar pucker (Cozzone & Jardetzky, 1976) . 
Also, the resonance positions for the phosphate groups in double-helical 
DNA and double-helical RNA are close to 0 ppm, i.e., within the envelope of 
the main resonance in tRNA, while their sugar conformations are С , endo 
and С , endo, respectively. Consequently, changes in the torsional angles 
ω and ω' and the O-P-0 angle θ will largely determine the shift. From the 
discussion above, we can then conclude that bending leads to downfield 
shifts. Torsional angles not incorporated in this category like g ,g are 
also found in tRNA crystals. The phosphate in 3',5'-cUMP has a g ,g con­
formation, and its resonance is shifted 1.6 ppm upfield from H PO. (Cozzone 
8г Jardetzky, 1976). This indicates that g ,g conformations in tRNA may re­
sonate upfield from H PO . Therefore, proceeding from 3 to -4 ppm we expect 
ω',ω conformations of diester phosphates to resonate in the following order· 
Б >t>6 rß ig >g • Finally, upfield shifts are expected upon hydrogen bonding. 
Η Spectra. It is now well established that the resonances between 15 and 
Phe 11 ppm obtained for yeast tRNA under the salt conditions in Figure 7 
comprise signals from the secondary as well as from the tertiary ring N hy­
drogen-bonded protons. The modifications in the anticodon loop, i.e., nic-
66 
king after U and removal of the Y base, produce some minor changes in the 
hydrogen bonded proton spectra (see Figure 7). In addition, Y-base modifi­
cation results in the loss of one resonance at 13.3 ppm most likely from 
the ΑΨ pair in the anticodon stem. The position is in good agreement with 
that found earlier in fragment studies and melting experiments (Shulman et 
al., 1973, Hilbers et al., 1973). Thus, apart from disrupture of and/or 
changes in the anticodon loop structure, these modifications leave the se­
condary and tertiary structure of the tRNA molecule virtually unchanged as 
far as the ring N hydrogen-bonded protons are concerned. 
It is interesting to compare these results with some earlier studies of the 
structure of tRNA m solution. On the basis of the hydrogen bonded proton 
NMR studies of four different anticodon hairpins, Kearns (1977) suggested 
that a common H resonance near 11.5 ppm arises from the U N Η-P hydro-
33 о 36 
gen bond present in the anticodon loop We expect this interaction to dis­
appear after scission at Ρ or removal of the Y base. Yet, the resonance 
Phe 
at VII 5 ppm in the yeast tRNA spectrum pertains in these two cases. 
Therefore, we think that at least for this tRNA the suggestion does not 
hold. 
Phe 
It is well established that after Y-base removal yeast tRNA can no lon­
ger be charged with E.coli phenylalanyl-tRNA synthetase (Thiebe & Zachau, 
1968a). Homologous charging can still be achieved after Y-base removal, 
although with a 1 order of magnitude lower affinity (Krauss et al., 1976). 
1 Phe 
The low-field H spectrum of tRNA -Y (Figure 7) strongly suggests that 
upon modification structural changes are mainly induced in the anticodon-
loop region, possibly including the terminal ΑΨ base pair. Therefore, the 
conclusion seems to be justified that the native structure of the antico-
don loop, maintained by the Y base, is essential for the reaction with E. 
31 
coli phenylalanyl-tRNA synthetase. However, on the basis of the Ρ spec-
Phe 
trum of tRNA -Y (Figure 9A), small changes in backbone conformation, 
which are not manifest in Η NMR, possibly occur in more distant parts of 
the molecule, e.g., as exemplified by the 0.3 ppm upfield shifts for reso­
nances b^  and ti. The latter observation is not inconsistent with a reported 
effect of Y-base excision upon the conformation of the entire anticodon 
stem (Kearns et al., 1973), which was reversed after substitution with 
proflavine (Wong et al., 1975). Finally, the foregoing discussion also de-
31 
monstrates that Ρ NMR yields valuable and necessary information, supple­
mentary to Η NMR data, to give a more complete description of structure 
not easily obtainable otherwise. 
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CHAPTER V 
CONFORMATIONAL CHANGES OF YEAST 
t R N A P h e AS MONITORED BY 3 1 p NMR 
The experiments in the previous Chapter indicate that the resolved dies-
ter phosphate resonances can be divided into two classes, i.e. those origi­
nating from specially folded phosphate groups in the anticodon loop and those 
arising from phosphate groups in regions of the sugar phosphate backbone in­
volved in maintaining the tertiary structure (in the central part of the mo­
lecule) . There are a number of experimental indications that the structure of 
the anticodon loop is very sensitive to solution conditions and is much more 
labile than the tertiary structure. For instance, Urbanke and Maass (1978) 
have found a conformational transition of the anticodon loop in the tempera-
o о 2+ 
ture range between -15 С and 30 С in absence of Mg , while from other expe­
riments it is known that the tertiary structure is still intact in this tem­
perature region (Romer et al., 1970, Robillard et al., 1977). Also, extensive 
series of oligonucleotide binding studies carried out by a number of investi­
gators indicate that the anticodon loop can be forced rather easily into a 
conformation which is favorable to binding of complementary oligonucleotides 
(Eisinger and Spahr, 1973, Freyer and Tinoco, 1975, Pongs et al., 1973; 
Uhlenbeck et al., 1970; Geerdes, 1979). Although in the 3-dimensional model 
Phe 
of yeast tRNA the anticodon loop is highly structured (Quigley and Rich, 
1976; Hingerty et al., 1978, Holbrook et al., 1978, Stout et al., 1978), 
it follows from the X-ray diffraction data that the anticodon loop region 
shows an enhanced thermal motion compared to the main part of the molecule, 
again indicating that the anticodon loop may be more flexible (Holbrook et 
al., 1978). 
In the last decade melting experiments by NMR as well as by other techniques 
have been succesfully applied to investigate the dynamical structure of tRNA 
(Crothers and Cole, 1979). This has yielded an overall view of the thermal 
pathway of unfolding of the tRNA molecule. However, a number of more detai­
led structural changes, which may turn out to be more important as to the 
functioning of tRNA molecules, may have been left undetermined, e.g changes 
in the anticodon loop conformation. As indicated by the results in the 
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31 
preceding Chapter, the Ρ NMR spectra may provide markers by which the beha­
viour of the anticodon loop conformation and of the tertiary structure can be 
studied separately. Therefore a series of melting experiments has been con­
ducted, the results of which are discussed in this Chapter. It turned out 
that the conclusions obtained from the chemical and enzymatic modification 
experiments could be confirmed. The melting of the anticodon loop structure 
occurs at lower temperature than that of the tertiary structure. It can be 
described in terms of a non-cooperative destacking process of single stran­
ded regions. Furthermore, under physiological conditions the anticodon loop 
seems to exist in at least two different conformations. 
MATERIALS AND METHODS 
Phe 
Yeast tRNA was purchased from Boehnnger Mannheim (batch no. 1236526 and 
1209336) and used without further purification. The amino acid acceptance 
was 1.4 nmol of phenylalanine per A unit as determined by the manufactu­
rer. Spermine was purchased from Aldrich. 
2+ 
Samples free of Mg ions were prepared by extensively dialysing 1.2 mM tRNA 
solutions first against a solution containing 200 mM NaCl, 10 mM EDTA at pH = 
7.5, secondly against a solution containing 20 mM NaCl, 1 mM EDTA at pH 7.5 
and finally against twicely distilled H O . Subsequently the tRNA was lyophi-
lized and dissolved in a D O buffer, containing 30 mM sodium cacodylate, 
1 mM EDTA at pH = 7.2. 
2+ 
Samples containing 2.5, 5 and 10 mM Mg ions were prepared by dissolving 
tRNA in 150 yl of a D O buffer containing 30 mM sodium cacodylate, 80 mM 
2+ 
NaCl, 0.1 mM EDTA and the appropriate Mg concentration at pH = 7.0. These 
samples were extensively dialysed against the same D O buffer. 
Other samples were prepared by dissolving the appropriate amount of tRNA in 
2+ 
the required buffer. Total Mg concentrations were determined by atomic 
absorption spectrometry. 
31 
Ρ NMR spectra were recorded according to the procedure described in Chap­
ter IV. 
RESULTS 
31 Phe 
The temperature dependence of the Ρ NMR spectra of yeast tRNA was mea­
sured under a wide variety of conditions. In order to relate these experi­
ments to those of the preceding Chapter we will first discuss the measure-
2+ 
ments performed in solutions with high and intermediate Mg concentrations. 
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Figure 1. 40.5 MHz Ρ NMR spectra of yeast 
recorded as a function of tempera-
Phe tRNA 
ture between 32° С and 560C. Solution con­
ditions: 30 mM sodium cacodylate, 80 raM 
NaCl, 10 mM Mg 2 +, 0.1 mM EDTA, pH 7 in D O . 
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Subsequently, we will consider experiments carried out in the absence of 
2+ 
Mg ions, followed by a discussion of the influence of spermine on the 
31 
Ρ NMR spectra. 
2+ 
Temperature dependence at high Mg concentration 
In Figure 1 a series of Ρ NMR spectra of yeast tRNA in the presence of 
2+ 
10 mM Mg (concentration free in solution) is presented. The spectrum re-
o 
corded at the lowest temperature, i.e. at 32 C, is virtually identical to 
that presented in Figures 2 and 6 of the preceding Chapter. When the tempe­
rature is raised, changes in the resonance position of several resonances 
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Figure 2. Ρ positions of resolved re­
sonances plotted as a function of tempe­
rature. The data were taken from the 
spectra of Figure 1. 
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can be observed of which those of £ and j are the most pronounced. A more 
detailed picture of these changes is provided in Figure 2, where the posi-
tions of the resolved resonances have been plotted as a function of tempera-
o о 
ture. Between 32 С and 67 С resonances с and ι shift over a distance of 1.2 
and 1.5 ppm respectively. It is noteworthy, that these two resonances were 
no longer resolved in the spectrum after controlled pancreatic RNAse modifi-
Phe 
cation of the anticodon loop of yeast tRNA (Chapter IV). Resonance e, 
which also disappeared after this RNAse treatment, turns out to be tempera­
ture sensitive as well. This resonance shifts upfield until it coincides 
о 
with resonance f^ at 55 C, after which it cannot be followed anymore (Figure 
2). 
Anticipating briefly the discussion in which we conclude, that the shifts of 
resonances c_, e^ and j_ are related to conformational changes of the antico­
don loop, it is noted that these resonances remain sharp during the whole 
transition and this indicates that the interconversion rate of these confor­
mational changes is rapid on a NMR time scale. As an example, the intercon­
version rate for c^  and ¿ is estimated to be faster than 200 s . Other re-
sonances, particularly at the high field side of the main resonance, show 
splittings at higher temperatures partly as a result of the improved reso-
lution obtained. Above 67 С the resolved diester phosphates merge with the 
main resonance near 0 ppm as a result of a cooperative melting process. 
Experiments carried out on tRNA solutions containing a free concentration of 
2+ 
5 and 2.5 mM Mg yielded similar results. Again the resonances c, ι and to 
о 
a lesser extent e^  are the most sensitive to temperature changes; above 67 C, 
the resolved resonances abruptly disappear from the spectrum. The conforma­
tional transitions of the resonances £, £ and j^  are rather shallow. Their 
transition midpoint, i.e. the temperature Τ at which 50% of the maximum 
о 2+ 
shift is reached, is estimated to be ^50 С at 10 mM Mg (Figure 2). The Τ 
m 
and the intensity of resonance j is very sensitive to the concentration of 
2+ ~2 2+ 
Mg , while the Τ values of с and e are hardly affected by Mg . Upon de-
л
 m — 2+ 
creasing the Mg concentration from 10 to 5 mM, the curve for resonance з_ 
is shifted to lower temperature by "v? С. A value of similar magnitude is 
2+ 
obtained, when the curves of ]_ at 5 and 2.5 mM Mg are compared. The cur-
o 
ves for resonances с and e are shifted only 1-2 С to lower temperature upon 
2+ decreasing the Mg concentration from 10 to 2.5 mM. 
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2+ 
Temperature dependence at intermediate Mg concentration 
31 
In this section we describe Ρ NMR experiments performed with a yeast 
Phe 2+ 
tRNA sample, containing 3 mM Mg (total concentration). Representative 
о 
spectra are given in Figures 3 and 4. At the lowest temperature, i.e. 18 С, 
at which a spectrum was recorded (Figure 3), the intensity of resonance j_ 
is close to unity. Apparently, the "temperature labile" resonance, designa­
ted j . in the preceding section, has already disappeared from the spectrum 
at this temperature under the present conditions; also resonance e has dis­
appeared into the main central resonance (compare Figure 1 and Figure 3). 
At 1.5 ppm two resonances are coinciding, one of which shifts upfield 
without a change in linewidth, when the temperature is increased. It is the 
only temperature sensitive resonance in this spectral region and it has been 
2+ designated c^  analogously with the lettering at the higher Mg concentration 
in the previous section. This assignment requires an explanation for the oc­
currence of resonance ά at 2.0 ppm in Figure 3, which has the same position 
о 
as resonance с in Figure 1 at 32 С In an extensive series of experiments 
2+ 
the position of resonance d was followed as a function of Mg concentra-
2+ 
tion. It turned out that with decreasing amounts of Mg present in solution 
the resonance shifts downfield. The upfield shift of resonance c^  is accom­
panied by some spectral changes at other positions: for resonances g and h 
there is an increase in resolution when the temperature is raised. This is 
most likely caused by a decrease of the molecular rotational correlation 
time. 
о 
Above 39 C, the resolved diester phosphate resonances, except resonance £, 
begin to broaden. There is a preferential broadening of some of the resonan-
o 
ces. This is demonstrated in the spectrum recorded at 55 С (Figure 4). Reso­
nances t>, ^  and J_ are broader than the other resolved resonances. Resonance 
h has lost a considerable amount of intensity with respect to the spectrum 
о о 
recorded at 39 C. At 57 С all of the resonances, except g, have been broade­
ned to an extent that they are hardly recognizable anymore. As we shall dis-
o 
cuss below, we think that the resolved resonances observed in the 55 С spec­
trum arise from particular conformations in the sugar phosphate backbone, 
imposed by the tertiary structure. The disappearance of these resonances, 
which merge with the main resonance, therefore corresponds to the melting of 
о 
the tertiary structure. Under the present solution conditions, at 55 С the 
lifetime of the phosphate conformations corresponding to resonances b, i^, 
and j_ is approximately 25 ms, while the lifetime of the other resolved 
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tRNA recorded at 18 С and 39 С Figure 3. 40.5 MHz Ρ NMR spectra of yeast 
respectively. For each temperature a full spectrum (right) and an expanded 
spectrum (left) are shown. Solution conditions: 10 mM sodium cacodylate, 100 mM 
NaCl, total Mg2"4" concentration 3 mM, 10 mM Na S 0 , 1 mM EDTA, pH=7 in D O . 
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tRNA recorded at 55 С Figure 4. 40.5  M  spectra of yeast 
and 57 С respectively. For each temperature a full spectrum (right) 
and an expanded spectrum (left) are shown. Solution conditions are 
the same as those indicated in the legend to Figure 3. 
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resonances is approximately twice as large. The integrated intensity for re-
o 
sonances lb, d , ti and j_ i n t h e spectrum at 55 С has remained constant 
о 
within experimental accuracy with respect to the spectrum at 39 С. Only for 
resonance _j a reasonably accurate value for the activation energy could be 
calculated, leading to a value of 42 kcal/mol. 
Finally it is noted, that as the temperature is increased, a redistribution 
о 
of intensity takes place within the main resonance (Figure 3 and 4). At 18 С 
the main resonance consists roughly of two peaks, of which the one at high 
field has the largest intensity. At higher temperature the picture is rever-
o 
sed, e.g. at 55 С the lowest peak has the highest intensity. Note however, 
that at this temperature the tertiary structure is still considered to be in­
tact . 
2+ 
Temperature dependence in the absence of Mg 
31 2+ 
The temperature dependence of the Ρ spectra of samples without Mg was 
о о о о 
followed between 2 and 29 С. Spectra recorded at 2 and 17 С are given in 
+ 2+ 
Figure 5. Solution conditions of 30 mM Na and no Mg were chosen in order 
to be able to relate the present experiments to the results of optical re­
laxation experiments (Römer et al., 1970; Coutts et al., 1975) and Η NMR 
о 
experiments (Robillard et al., 1977). The spectrum at 2 С closely resembles 
о 2+ + 
the one recorded at 18 С with 3 mM Mg and 110 mM Na (Figure 3). As the 
temperature is raised, again resonance с shifts upfield (Figure 5). Between 
о о 25 С and 29 С most of the resolved diester phosphate resonances have been 
broadened so as to be hardly visible in the spectrum. From the line broade-
o 
ning observed at 27 С we estimate the lifetime of the tertiary structure to 
be ^20 ms. 
31 
Influence of spermine on the Ρ spectra 
31 Phe 
In Figure 6 Ρ spectra of yeast tRNA without spermine (Figure 6A) and 
о о 
after addition of spermine up to 6 mM (Figure 6B), recorded at 47 С and 44 С 
respectively, are shown. The buffer conditions used for the spectra of Fi-
2+ 
gure 3, i.e. a total Mg concentration of 3 mM, were used. The temperature 
sensitive resonance c^ , marked by an asterisk in Figure 6, is shifted down-
field upon addition of spermine. A similar downfield shift for resonance £ 
2+ is observed upon addition of Mg . Also another resonance, probably £, 
starts to shift downfield out of the main resonance upon addition of sper-
mine. In Figure 3 this resonance had merged with the main central resonance. 
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bd, 
j^yuj ^ 
2eC 
^
 Дл
 ^М. - Х ^ 
1 7 ' С 1 7 ' С 
^ΨΚφΜ' ~jjj 
J L 
6 i 
-2 - 6 6 4 2 0 -2 -4 -6 
РртШзРО;) 
Figure 5. 40.5 MHz Ρ NMR spectra of yeast tRNA e recorded at 20C 
and 17 С respectively. For each temperature a full spectrum (right) 
and an expanded spectrum (left) are shown. Solution conditions: 
30 mM sodium cacodylate, no Mg 2 +, 1 mM EDTA at pH=7.2 in DoO. 
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No positive indication for the reappearance of resonance ¿ as a result of 
addition of spermine could be obtained. In conclusion, two of the three re-
sonances assigned to phosphate groups in the anticodon loop are affected by 
addition of spermine. Further it is noted that the resolution in the region 
for resonances ¿ and h is significantly enhanced. The linewidthof the most 
high field resonance (j-) of Figure 6 decreases from 7 to 4 Hz upon binding 
spermine, while the Imewidths for the other resolved resonances do not 
change within experimental accuracy. This may be interpreted as a depression 
of exchange within the phosphate backbone, resulting in less heterogeneity 
in the tRNA sample. 
W M W 
0 -2 •4 •6 
ppmiHjPOj 
Figure 6. 40.5 MHz Ρ NMR spectra of yeast tRNA 
without spermine (Figure 6a) and after addition of sper­
mine up to 6 mM (Figure 6b), recorded at 47 С and 44 С 
respectively. The temperature sensitive resonance <: at 
low field has been marked by an asterisk. The buffer 
conditions of Figure 3 were chosen. 
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Spermine also influences the transitions of the other resonances (excluding 
£, e^  and 2.,) ЬУ shifting them to higher temperature. In the presence of 6 mM 
о 
spermine the resonances start to broaden more or less simultaneously at 60 С 
(not shown). The temperature range, in which they broaden and disappear, is 
о о 
reduced from ^10 С (Figure 4) to ' б С in the presence of spermine. Although 
the determination of absolute values for the activation energy of individual 
diester phosphate transitions is difficult due to the very small temperature 
range, in which line broadening can be observed, the conclusion can be drawn, 
that these activation energies are higher than those in the absence of sper­
mine. 
DISCUSSION 
31 
Origin of the resolved Ρ resonances 
The melting experiments described in this Chapter were intended to supple­
ment and extend the results obtained in the preceding Chapter. Upon an in-
31 
crease in temperature the resolved Ρ resonances disappear from the spec­
trum in two stages. First, the resonances £, e^  and j shift towards the main 
central peak without a change in linewidth. Subsequently, at higher tempera­
tures the remaining resolved resonances "disappear" from the spectrum by a 
process, which is slow enough to cause line broadening. 
The onset of the line broadening process and also the apparent transition 
midpoints of the "melting" of the resonances £, £ and j_ depend strongly on 
2+ 2 
solution conditions. At high Mg concentrations (Figures 1 and 2) the line 
о broadening starts above 67 C; the apparent transition midpoints for the cur-
o 2+ 
ves of resonances £, e_ and ¿ are around 50 С. In absence of Mg the line 
о 
broadening process starts around 25 C, while the apparent transition mid-
o 
point for the curve of resonance £ is estimated to be ^10 С (Figure 5). 
Under these solution conditions the transition midpoints of resonances £ and 
_¿ cannot be determined, because £ has merged with the main resonance and ¿ 
2+ has disappeared altogether in the absence of Mg ions (see discussion in 
the next section). 
According to the chemical and enzymatic modification experiments described 
in the preceding Chapter the resonances involved in the early melting, i.e. 
£, £ and j.o> arise from diester phosphates in the anticodon loop. Then, by 
elimination the remaining resonances are expected to be caused by phosphates 
in configurations deviating from the normal g .g diester conformation as 
a result of the formation of the tertiary structure. The present melting 
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Table I Comparison of kinetic data on tertiary structure disruption obtained 
in various spectroscopic studies. 
temperature 
(0c) 
dissociation rate technique solution 
constant (s~l) employed conditions 
Reference 
27 
25 
27 
44 
44 
39 
50 
50 
SO8 
25 
25 
29d 
31 2 + 
Ρ NMR 
optical 
relaxation 
Η NMR 
(high 
field) 
3 1 P NMR 
optical 
relaxation 
1H NMR 
(low 
field) 
no 
30 
no 
30 
no 
30 
-ы 
Mg
 + 
raM Na 
м ^ , 
mM Na 
mM Na 
mM Mg2' 
110 ιπΜ Na 
no 
M g
2 + 
110 mM Na 
no Mg 2 + 
110 mH Na 
present study 
Romer at al. 
(1970) 
Robillard et al. 
(1977) 
b present study 
Urbanke et al. 
(1975)г 
Johnston and 
Redfield (1977) 
The value refers to the thymine methyl group 
b 2+ 
The Mg concentration was determined by atomic absorption spectrometry. 
с 2+ 
The sample contained less than one Mg ion per tRNA molecule. 
d 
The value refers to the tertiary structure base pair U
e
-A 
experiments support this interpretation. They were performed under conditions 
similar to those used in an extensive series of Η NMR studies and optical 
and fluorescence relaxation studies, in which the thermal disruption of the 
tertiary structure was investigated. This permits an independent assignment 
31 
of the transitions in the Ρ NMR melting experiments. A strong broadening 
31 Phe 
of the resolved Ρ resonances (not considering с^, e^  and J_ ) of yeast tRNA 
2+ 
in a solution containing 30 mM NaCl and no Mg at pH 7.2 is observed be­
tween 25 С and 29 C. This is in accordance with the reported disruption of 
the tertiary structure in temperature jump experiments (Romer et al., 1970) 
and in Η NMR experiments (Robillard et al., 1977). From the optical relaxa­
tion studies the dissociation rate constant characterizing the dissociation 
о - 1 1 
of the tertiary structure at 25 С is estimated to be 50 s , the H NMR 
-1 о 
study yielded a dissociation rate constant of 50 s at 27 С for this procesa. 
From the present Ρ NMR study we estimate a value of "vSO s at 27 С (see 
results), which is in excellent agreement with the optical relaxation and 
83 
H NMR studies. The results are summarized in Table I. Also, the correspon-
31 
dence between kinetic values, obtained by Ρ NMR and optical relaxation 
studies under other sets of solution conditions, confirms this conclusion, 
31 for instance optical relaxation studies of Urbanke et al. (1975) and Ρ NMR 
spectra (not shown), recorded at 110 mM Na , both yield a dissociation con-
-1 о 
stant of 25 s at 44 С (see Table I). We also mention that к for disrup-
-1 
tion of the tertiary structure base pair V -A is calculated to be 29 s 
ο 1 
at 39 С on the basis of H relaxation experiments performed by Johnston and 
Redfield (1977) . 
31 
The assignment of the resolved Ρ resonances is further supported by expe-
2+ 
riments at high Mg concentrations (10 mM free in solution). Under these 
31 о 
conditions the resolved Ρ resonances start to broaden close to 70 C. In 
Η NMR experiments Davanloo et al. (1979) followed the melting of yeast 
Phe 
tRNA under similar solution conditions, employing the methylene and 
methyl protons of the modified bases. The proton resonances that can be con­
sidered as probes for the tertiary structure, e.g. the methyl resonances of 
2 
thymine T„ and of m G rather abruptly shift to a different resonance 
54 2 26 
position at this temperature (70 C). Hence the combined results indicate 
31 
that the resolved Ρ resonances (with the exception of e, e and j_ ) come 
from phosphates in conformations, induced by the tertiary structure. 
We now return to the resonances c^ , £ and j_ . In the same series of Η NMR 
experiments Davanloo et al. (1979) show that the methyl resonances of resi­
dues in the anticodon loop, i.e. С , G , Y (C-CH ) and Y (СООСН ), ex-
hibit shallow melting curves just as the melting curves of the resonances 
31 
£, e and j_ in Ρ NMR experiments (Figure 2). This indicates that these 
31 
Ρ resonances arise from the anticodon loop, as concluded already from the 
enzymatic modification experiments of Chapter IV. This assignment is suppor-
2+ 
ted by experiments in absence of Mg ions, in which resonance £ can be ob-
31 о 
served separately in the Ρ NMR spectrum (Figure 5). At 17 С this resonance 
has almost "melted out". Already below this temperature resonances e_ and j^  
have disappeared. In Η NMR melting studies of Robillard et al. (1977) per­
formed under similar conditions, the methyl resonance from the residues in 
the anticodon loop have reached their limiting high temperature values 
(Davanloo et al., 1979) at ^30 С, before the melting of the tertiary struc­
ture occurs. This again supports our interpretation that £, £ and j_ belong 
to phosphates in the anticodon loop. 
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Anticodon loop structure 
In the X-ray structure model the five bases at the 3' side of the anticodon 
loop are stacked so as to extend the stacking pattern of the anticodon stem 
(Quigley and Rich, 1976, Hingerty et al., 1978, Holbrook et al., 1978, Stout 
et al., 1978). We may now ask whether this structure will also be present in 
solution. As mentioned already the "melting" of the anticodon loop, monito-
31 
red by the Ρ resonances с^, e^  and j_ (Figure 2) , is shallow. Such shallow 
transitions of similar appearance have also been observed in optical melting 
experiments on single stranded oligo(A) and poly(A) (Kallenbach and Berman, 
1977). They have been attributed to the non-cooperative destacking of the 
nucleotide bases in the single strands. In view of the similarity of the mel­
ting of single stranded oligonucleotides and the melting of the anticodon 
loop, the changes observed in the positions of resonances c^ , e_ and ¿ with 
increasing temperature are taken to represent a largely non-cooperative des-
tacking process of bases in the anticodon loop. Hence, at sufficiently low 
о 
temperature, i.e. at 32 С under the solution conditions of Figure 1, we con­
sider the bases in the anticodon loop to be stacked. 
However, the spectra in Figure 1 suggest the presence of two different 
stacked conformations of the anticodon loop. This is based on the observation 
that resonance д has a reduced intensity (^60%) with respect to the other 
single phosphate resonances b, c: etc It is noted in passing that the reduced 
intensity of resonance j_ does not arise because its longitudinal relaxation 
time Τ is largely different from those of the other resolved resonances. The 
Τ relaxation times of j_ and ι were found to be both equal to 2 4 ± 0 3 s 
о 
at 45 С. The conformation of the phosphate group corresponding with ¿ , which 
we designate A, changes as a function of temperature. This has been interpre-
ted to result from a destacking of the bases. The rate constant characteri-
zing the destacking process will be larger than 200 s (see results). During 
this process the relative intensity of д remains 60%. This means that the 
destacking process does not lead to exchange with the remaining 40% of the 
phosphate group in question in a different most likely stacked conformation, 
that we call B. Thus, the equilibrium A £ В is not influenced by changes in tem-
2+ 2+ 
perature, however it depends on the Mg concentration. A decrease in Mg 
concentration is associated with a concomitant decrease in intensity of reso-
2+ 2+ 
nance j_ , e.g. proceeding from 10 mM Mg (Figure 1) to 3 mM Mg (Figure 3) 
the relative intensity of 1 decreases from 0.6 to zero. 
Resonance c^  also shifts upon an increase in temperature reflecting a 
85 
destacking of the anticodon loop bases Since it has a relative intensity of 
unity apparently it does not have a different position for the conformations 
A and B. It may be somewhat surprising that its position is not sensitive to 
possible differences in conformation in other parts of the anticodon loop. 
An analogous observation has been made in the high field region in H NMR 
experiments of Davanloo et al. (1979), who observed large changes in the 
resonance position of the methyl resonance of G when the Y-base is selec­
tively removed from the anticodon loop. On the other hand, the position of 
the methyl resonance of С is not affected by this chemical modification, 
while both resonances are shifted when the temperature is raised. 
During the melting of the anticodon loop there is a redistribution of the 
2+ intensity in the main resonance. These changes are observed at high Mg 
concentrations, but they are also nicely demonstrated in Figure 3 and 4. 
The process takes place while the tertiary structure is considered to be 
intact (see results). It is noted that a similar redistribution of intensity 
is observed after selective removal of the Y-base from the anticodon loop 
(see Chapter IV). The most likely explanation for this phenomenon is as 
follows. The tilt of the anticodon stem bases with respect to the helical 
axis depends on the stacking in the anticodon loop (Mizuno and Sundaralingam, 
1978). A change in the stacking may lead to a different tilt of the bases in 
the anticodon stem, accompanied by small changes in the conformation of the 
phosphate groups in the helical structure, which then may be reflected by a 
rearrangement of resonance intensity within the main resonance. 
The present results bear some relationship to the fluorescence relaxation 
experiments of Ehrenberg et al. (1979). These authors studied the solution 
Phe 
structure of yeast tRNA by using ethidium as a fluorescent probe, which 
was substituted in the anticodon loop or in the DHU loop. The ethidium label 
was found to monitor 3 different conformational states of the tRNA, irrespec­
tive of its position in the molecule. One of these conformations is favored 
2+ by high Mg concentrations and in this sense resembles conformation A 
31 
discussed above on the basis of the Ρ NMR results. At present, the rela­
tionship between both spectroscopic studies cannot be quantitatively evalua­
ted, because the NMR experiments do not so far yield numerical values for the 
lifetimes of the different conformations. 
From the discussion above the conclusion is justified that unfolding of the 
anticodon loop can proceed without affecting the main part of the tertiary 
structure and that the flexibility of the anticodon loop exceeds that of the 
86 
phosphate backbone, involved in tertiary structure interactions. This may 
imply that the anticodon loop can undergo alterations during biological 
function. Furthermore, the results indicate that in solution the anticodon 
2+ 
loop is stacked at high Mg concentration and sufficiently low temperatures 
Whether or not this structure approaches the crystal structure, remains to 
be determined. 
Tertiary structure 
31 о 
As indicated by the Ρ NMR spectrum, recorded at 55 С (Figure 4), the life­
time of the phosphate conformations, involved in maintaining the tertiary 
structure, is not the same for each diester phosphate group. These lifetimes 
can differ by a factor of " З, depending on the individual phosphate group 
concerned, which implicates, that under the conditions chosen the unfolding 
of tertiary structure is not strictly an all or none process. The latter con­
clusion nicely conforras with chemical modification experiments of Rhodes 
Phe (1977), in which the thermal unfolding of yeast tRNA was investigated by 
following the chemical accessibility of various bases which become available 
for modification upon thermal melting. In these experiments, she observed a 
sequential unfolding of tertiary structure. 
The presence of spermine clearly stabilizes the tertiary structure and, in 
addition, tends to make the tertiary structure disruption more cooperative. 
We do not have any evidence that the conformation(s) belonging to resonance 
¿ is stabilized by spermine, because the latter resonance does not reappear 
upon addition up to 6 spermine molecules per tRNA. This indicates, that the 
anticodon loop does not participate in the cooperativity of the tertiary 
structure. 
From the linewidth of resonance j_ as a function of temperature an activation 
energy of 42 kcal/mol is calculated. In view of the experimental accuracy, 
this value is in accordance with the value of 33 kcal/mol for the activation 
energy of tertiary structure disruption, as determined in optical studies of 
Urbanke et al. (1975) . 
The tertiary structure resonances disappear from the spectra by line broade-
ning, whereas their positions are hardly influenced. This implicates, that 
the position of these resonances reflects a particular conformation and not 
31 
the time average of different conformations. The chemical shifts in Ρ 
spectra of tRNA cover ^6 ppm (excluding the terminal monoester phosphate). 
At present, this range of chemical shifts cannot be accounted for by theo-
87 
retical calculations (Ribas-Prado et al., 1979, Gorenstein and Luxon, 1979, 
31 
Webb, 1979). Gorenstein and Luxon (1979) computed the Ρ spectrum of yeast 
Phe 
tRNA by using the values for the torsional angles ω' and ω as determined 
in X-ray crystallographic studies. The positions for some of the resonances 
resolved at low field are reasonably well predicted in these calculations 
and these resonances are attributed to g ,t conformations. However, there 
are no resolved resonances predicted to occur at high field from the main 
31 
resonance. The temperature dependent changes in their Ρ NMR spectra are 
in agreement with the results presented in this Chapter, however their inter­
pretation of the low temperature melting differs from ours. 
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CHAPTER VI 
Ρ NMR SPECTRA OF SOME E.COLI tRNAs 
All tRNAs sequenced to date can be folded into a cloverleaf structure. 
In addition, in the 3-dimensional structure determined for one tRNA, i.e. 
Phe 
yeast tRNA , invariant and semi-invariant bases found at similar positions 
in the cloverleaf structure of most other tRNAs, are involved in maintaining 
the tertiary structure This suggests that all tRNAs can be folded into a 
3-dimensional structure, which is highly similar to that found for yeast 
Phe 
tRNA (Quigley and Rich, 1976, Stout et al., 1978, Holbrook et al., 1978, 
Hingerty et al., 1978). Indeed, recent crystallographic studies of E coli 
fMet 
tRNA support this proposition (Woo et al., 1979) tRNAs are recognized 
very selectively by their cognate aminoacyl synthetases.In view of the 
expected similarity of the 3-dimensional structure of tRNAsit is reasonable 
to expect that recognition proceeds via specific base sequences It cannot 
be ruled out however that subtle differences in the 3-dimensional tRNA 
structure are important in this respect also These differences may be 
manifested in the sugar phosphate backbone and therefore also in the 
31 
Ρ NMR spectra of tRNA. In this Chapter in some preliminary experiments 
31 
the Ρ NMR spectra of different E.coli tRNAs are compared to obtain more 
information about the similarities and differences in their sugar phosphate 
backbone structure. For one of these tRNAs, i.e. E coli tRNA , the Ρ NMR 
spectra have been studied as a function of temperature 
MATERIALS AND METHODS 
Specific E.coli tRNAs were purified from unfractionated tRNA as described in 
Chapter II. 5' 3/5 and 3' 2/5 hairpin fragments were obtained by backbone 
Arg 7 
scission of E.coli tRNA at the m G-base in the extra arm (Simsek et al., 
о 
1973). The fragments were purified by Sephadex G 100 chromatography at 60 C. 
A desoxy oligonucleotide fragment of 16 nucleotides, ATCCTA(T) TAGGAT, was 
kindly provided by Prof. J.v.Boom (Gorlaeus Laboratory, University of Leiden), 
1 31 
360 MHz H NMR spectra and 40.5 MHz 1 
to the procedures given in Chapter IV. 
Ρ NMR spectra were recorded according 
91 
RESULTS AND DISCUSSION 
Phosphate backbone homologies 
31 
In Figure 1A and IB the Ρ NMR spectra of six different tRNAs, i.e. yeast 
Phe Glu Are Leu Val 
tRNA and the E.coli tRNAs, tRNA , tRNA 6, tRNA , tRNA and 
Trp 
tRNA , are shown. All tRNAs were dissolved in a buffer, containing 
10 mM Mg and 110 mM Na ; the spectra were recorded at 33 C. For four of 
the tRNAs the cloverleaf sequence is presented in Figure 2. Two of these, 
Val Tro Arc 
namely E.coli tRNA and E.coli tRNA , together with E.coli tRNA Б and 
Phe 
yeast tRNA (cloverleafs not shown) belong to the socalled class 1 tRNAs. 
Characteristic of this class of tRNAs is the presence of 4 base pairs in the 
Glu 
DHU stem and 5 bases in the extra arm. tRNA is a class II tRNA; it has 
Leu 
only 4 bases in the extra arm. tRNA belongs to class III tRNA in which 
Leu 
an additional hairpin can be formed by the elongated extra arm. tRNA has 
the possibility of forming a hairpin with five base pairs and a loop of 3 
unbonded bases. 
31 
The number of discernible or resolved Ρ resonances in the individual spec­
tra (Figure 1A and IB) is close to the number of 17 determined for yeast 
Phe 31 
tRNA (see Chapter IV). The six tRNAs have at least three resolved Ρ 
resonances in common, i.e. resonances at 2.2, 1.2 and -3.5 ppm respectively. 
These three resonances have also been found in the spectra of unfractionated 
Phe yeast tRNA. From the melting experiments on yeast tRNA discussed in the 
preceding Chapter it followed that particularly, the resonances at these 
positions are rather insensitive to solution conditions. On the basis of the 
modification experiments described in Chapter IV and the melting experiments 
in Chapter V they were assigned to phosphates involved in tertiary structure. 
Extending these conclusions to the present observations we conclude that the 
folding of the phosphate backbone imposed by the tertiary structure has 
common features in all tRNAs. Sometimes a second resonance with variable 
Val intensity is observed near -3.5 ppm. For instance, in the case of tRNA 
and tRNA the resonance is significantly broadened (indicated by an arrow 
Phe Leu 
in Figure 1A and IB), while in the yeast tRNA and E.coli tRNA spectra 
it has intensity of unity. It has been discussed in the preceding Chapter 
Phe 
that for yeast tRNA this resonance most likely comes from a phosphate in 
the anticodon loop. It is very sensitive to solution conditions and the 
2+ presence of a sufficient amount of Mg ions is required to stabilize this 
conformation. That it is not visible with the same intensity in all spectra 
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2 -A -6 
ppmíHaPOJ 
31 
Ρ NMR spectra of^E.coli 
recorded 
Figure 1A. 40.5 MHz 
tRNA G l u, 
о 1 
at 33 C. Buffer composition: 30mM sodium cacodylate, 
E.coli tRNA*rg and yeast tRNA P h e 
80 mM NaCl, ImM EDTA, lOmM MgCl at pH in D 20. 
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E coli tRNA!feu 
E-coli tRNA^1 
Ecoli tRNATrP 
—) —L· —fi 
ррт(НзР04) 
Figure IB. 40.5 MHz Ρ NMR spectra of E.coll tRNALeU, 
tRNA^al and tRNATrP, recorded at 330C. Buffer composi­
tion as in Figure 1A. 
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E. coli 
tRNA Val 
E. coli 
tRNA Trp 
•"u 
c u c e 
G A С С 
С l ' С С С 
С С С С С 
G λ А С 
с и с и С 
G G G А С 
U ' А 
С - С 
Τ С U G 
G Г. А С 
E. coli 
tRNA Glu 
D С С С С 
А Π С С С 
С 
•
Л
А 
»і л 
I E. coli 
ve • с tRNA, 
с · с ' 
с · с 
А - U 
А С 
С · С 
С · С U G 
С С С С С 
G С G 
C G C 
Leu 
G С G G G 
С • G 
U * A 
A · υ 
G · Τ 
с · г. 
G . G 
U . G с 
Figure 2. Cloverleaf structures of E.coli j .тидЬеи ,,. . „ ,, ,„-„ „. tRNA 
Val tRNA Trp tRNA Glu 
and tRNA: (Yaniv and Barrell, 1969; Hirsch, 1970; Munninger and 
Chang, 1972; Dube et al., 1970) 
95 
•и - 6 
PpmiHaPOj 
31 Glu 
Figure 3. 40.5 MHz Ρ NMR spectra of E.col i tRNA гесог-
о о ded as a function of temperature between 33 С and 63 C. 
Buffer composition: 30 mM sodium cacodylate, 80 mM NaCl, 
10 mM MgCl , 1 mM EDTA at pH 7 in D O . 
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Figure 4. Positions of resolved reso­
nances plotted as a function of tempe­
rature. The data were taken from 
the spectra of Figure 3. 
in Figure 1 may be the result of different salt conditions in the various 
tRNA samples. Differences in the positions of resonances close to the main 
resonance can be observed in Figure 1, reflecting possible differences in 
the conformation of the phosphate backbone. Without the availability of 
Phe 
temperature dependent studies of the tRNAs (except yeast tRNA and E.coli 
tRNA ) and the possible difference in Mg content we will refrain from 
further discussion. 
Clu 
E.coli tRNA 
The tRNA U sample was studied as a function of temperature between 33 and 
630C. Four representative spectra recorded at 33 , 44 , 53 and 63 С are 
presented in Figure 3. For convenience, the resolved resonances have been 
97 
lettered a through k. In Figure 4 the chemical shifts of the various reso­
nances have been plotted as a function of temperature. The positions of 
most of these resonances are hardly temperature dependent. However, resonan­
ces ι and to a larger extent к shift to higher field upon an increase in 
о 
temperature. Above 65 C, the resolved resonances disappear from the spec­
trum in a cooperative fashion, as monitored by the simultaneous decrease in 
intensity of all resolved diester phosphate resonances within a few degrees. 
The latter observation is in accordance with the results obtained for yeast 
Phe 
tRNA under similar conditions. The upfield shift of resonance к and to a 
lesser extent resonance i_ is remarkable. Apparently, at higher temperature 
о 
the tertiary structure partly changes before it is disrupted above 65 C. 
Using the resonance position of resonance к as a measure of the occurrence 
of two different tertiary states A and B, the equilibrium constant K, de-
д 
fined as К = —, where A and В are the low temperature and the high tempera-
B 
ture conformations respectively, can be calculated from: 
(1) 
ω.-ω 
A 
ω. (3.70 ppm) and ω (4.95 ppm) denote the resonance position of states A 
A В 
and В respectively and ω the resonance position at temperature T. A plot of 
log К versus / Τ is given in Figure 5. 
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Figure 5. /h Hoff plot, in which 
log К is plotted versus /T. The 
data refer to Ρ resonance к of 
Figure 4. 
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Using ^ ^ = -ΔΗ (2) 
υ
1/! /R 
we find for the reaction enthalpy ΔΗ = -49±5 kcal/mol. 
The variation of the linewidth of resonance к as a function of temperature 
permits a calculation of the rates characterizing the equilibrium 
ki 
A J В (3) 
k
-i 
The linewidth at half height, Λυ,, is given by (Carnngton and McLachlan, 
1969) 
A ·
 {
А
{
В
(
" А -
Ш
В
) 2 
π Δ υ 4 = πΔυ* + к^к^ (4) 
where f and f denote the fraction of A and В respectively, к and к are 
defined in the reaction equation above, Δυ, is the linewidth in absence of 
exchange. It has been assumed that the transverse relaxation times m both 
о 
conformations A and В are equal. At 44 C, the value for К = 1, consequent-
2 -1 ly, к = к = к. Using eq 4 we find к = 2 6x10 s . The value of the 
reaction enthalpy (49 kcal/mol) indicates that a number of base pairs has to 
be broken during this transition. H NMR experiments on the hydrogen bonded 
protons performed under similar solution conditions support this conclusion 
о 
(Hilbers and Shulman, 1974). Around 49 C, already four resonances of hydro­
gen bonded protons have been lost from the spectrum indicating that as a re­
sult of conformational changes in the molecule base pairs are broken. This 
means, that at this temperature the lifetime of the conformation in question 
must be shorter than 5 msec (Crothers et al , 1974). This is in qualitative 
31 о 2-1 
accord with the observation in the Ρ spectra that at 44 С к = 2 6x10 s 
Originally, the loss of base pairs as monitored by the loss of hydrogen 
bonded proton resonances was attributed to the disruption of the tertiary 
31 
structure and the DHU stem. The Ρ NMR experiments indicate, however, that 
the tertiary structure remains mainly intact. A comparison with experiments 
Glu performed on E.coli tRNA in the denatured state lends support to this 
conclusion. 
2+ Glu 
In absence of Mg ions, tRNA is present in solution in a socalled dena­
tured form first discovered by Stein and Crothers. This structure is no 
longer chargeable with glutamic acid, but nevertheless it possesses an ex­
tensive network of base pairs (Bina-Stein et al., 1976). Comparison of the 
99 
hydrogen bonded proton spectra of the native and denatured forms shows that 
a resonance at 14.7 ppm in the spectrum of the native form, originally as­
signed to the AU base pair in the upper part of the acceptor stem (see clo-
verleaf structure in Figure 2), most likely comes from a tertiary base pair. 
Glu 
In the spectrum of the native tRNA conformation this resonance remains 
о о 
visible up to 66 C, despite the loss of base pairing below 49 С discussed 
31 
above. Therefore, analogously to the Ρ NMR results also these observations 
Glu 
indicate that in native tRNA base pairs are lost while the tertiary struc­
ture (or part of it) remains intact. The remarks about the denatured 
Glu 
tRNA do not imply that in this species all tertiary structure is lost. 
In its hydrogen bonded proton spectra resonances are observed upfield from 
11 ppm coming from some non Watson-Crick base pairs most likely involved in 
31 
tertiary interactions (Bina-Stein et al., 1976). Preliminary Ρ NMR expe-
Glu 31 
riments of this form of tRNA show that most of the resolved Ρ resonan­
ces are lost except for three resonances namely b, d^  and a broadened ¿, 
31 
which are common to all tRNA Ρ spectra studied sofar. Therefore, as indi­
si 
cated by the proton NMR experiments, the Ρ experiments show that tertiary 
structure is present in the denatured form, though altered with respect to 
the native form. 
2+ 
If we assume that at low temperature with the amount of Mg ions present 
Glu in our experiments the structure of tRNA is analogous to that of yeast 
Phe о 
tRNA , then the breaking of the base pairs observed around 49 С upon a 
rearrangement of the tertiary structure is most likely the result of the 
disruption of the DHU stem and perhaps additional tertiary base pairs 
without affecting the main part of the tertiary structure. This seems at 
variance with the general picture that the DHU helix is a required nucleus 
for the formation of the tertiary structure derived in the detailed thermo­
dynamic and kinetic studies of E.coli tRNA (Crothers et al., 1974; Stein 
and Crothers, 1976). There were some indications that in this case hydrogen 
bonded protons in the DHU helix could exchange with H O more rapidly than 
the tertiary structure could open. These possibilities were rationalized 
by the following scheme: 
N t Τ" t T~D" 
ΨΙ­
Τ 'D-
where N denotes the native state, Τ a conformation in which the molecule 
has lost its tertiary structure, T D a state in which the molecule has lost 
the tertiary structure plus the DHU helix and T'D represents a state with 
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an alternative tertiary structure so that the DHU stem is disrupted and able 
Glu 
to exchange hydrogen bonded protons with H O . In tRNA the vertical path-
31 
way probably Is not just a fluctional mode. The Ρ spectra indicate that at 
2+ 
high Mg concentration the tertiary structure changes rather locally as re­
ported by resonances ι_ and k. This change may substantially weaken the DHU 
stem. Subsequently, at higher temperature the modified T' structure is mel­
ted out, which is followed by melting of the remaining helical stems. The 
fMet horizontal pathway is most likely followed by E.coli tRNA (Crothers et 
Phe 
al., 1974; Stein and Crothers, 1976) and yeast tRNA (Robillard et al., 
1977, Urbanke et al , 1975). 
Glu 
One would expect that the changes reported here for E.coli tRNA give rise 
to detectable changes in the UV spectrum. Optical melting (T jump) expen-
2+ 
ments have not been performed however at Mg concentrations comparable to 
31 
that used in the present Ρ experiments. 
Phe 
No shifts analogous to those of the anticodon loop in yeast tRNA .monito-
Glu 
ring the loss of stacking,were observed for E.coli tRNA . However, it is 
Glu 
uncertain to what extent the structure of the DHU stem of tRNA may in­
fluence the anticodon loop structure. In this respect it is noted that we 
31 3 
examined the Ρ spectra of different hairpin fragments, i.e. a 5' /5 and 
2 Агк 
3' /5 hairpin fragment of E.coli tRNA as well as a 16-nucleotide long 
hairpin fragment with the following sequence· 
Τ A Τ С С Τ A 
Τ Τ A G G Α Τ 
Τ 
In all the fragment spectra the range of chemical shifts is within the en­
velope of the main resonance, observed for intact tRNA. An example of a 
spectrun of the hairpin given above is presented in Figure 6B, together 
Glu 
with a spectrum of intact tRNA (Figure 6A). Definitive conclusions 
31 
with respect to the relationship between loop size / structure and Ρ shift 
have to await further experimentation. 
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Figure 6. Ρ spectra (A) of E.coli 
tRNA G l u, recorded at 330C (in D20) and 
(B) of the oligonucleotide fragment 
ATCCTA(T)4 TAGGAT, recorded at 0
OC 
(in 80% D20/20% methanol). Buffer compo­
sition as in Figure 3. 
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CHAPTER VII 
A 1 H AND 3 1 P NMR STUDY OF THE SOLUTION STRUCTURE 
OF В.LICHENIFORMIS 5S RNA 
5S RNA is an integral part of all ribosomes with the possible exception 
of some mitochondrial ribosomes (Borst & Gnvell, 1971, Lizardi & Luck, 
1971). Reconstitution experiments have clearly demonstrated the importance 
of prokaryotic 5S RNA for ribosomal function (Erdmann et al., 1971, Dohme & 
Nierhaus, 1976). It is generally accepted that 5S RNA plays a role in bin­
ding, directly or indirectly, some proteins to the large ribosomal subunit. 
In prokaryotes 5S RNA is also thought to take part directly in protein syn­
thesis by binding tRNA to the ribosome through base pairing (Erdmann, 1976). 
Some authors have speculated that cyclic conformational changes in prokaryo­
tic 5S RNA may be the driving force for translocation in protein synthesis 
(Woese et al., 1975, Weidner et al., 1977). 
Knowledge of the 3-dimensional structure of 5S RNA derived by X-ray crystal­
lography is of course an essential element in understanding its function. So 
far, studies used for probing the structure of 5S RNA in solution as well as 
in the ribosome have been limited to other techniques (Erdmann, 1976, Os-
terberg et al., 1976, Lewis & Doty, 1577, Marshall & Smith, 1977, Wrede et 
al., 1978, Luoma & Marshall, 1978a, b, Chen et al., 1978, Hamill et al., 
1978, Noller & Garrett, 1979). This has resulted in an abundance of models 
for the secondary structure of 5S RNA (Erdmann, 1976). Some studies suggest 
the existence of tertiary interactions within the 5S RNA molecule (Erdmann, 
1976, Douthwaite et al., 1979, Noller & Garrett, 1979) but concrete informa­
tion on this important aspect of the conformation is not yet available. 
One important consideration in judging the feasibility of a proposed base 
pairing scheme for prokaryotic 5S RNA ought to be the general applicability 
of the scheme. There is ample evidence from reconstitution experiments (Erd­
mann, 1976) that 5S RNA from one prokaryote can be incorporated into the 
large ribosomal subunit of another prokaryote without loss of biological ac­
tivity. Therefore, the overall conformation of 5S RNA from various prokaryo­
tes should be closely similar. The only model taking this fact fully into 
account is the one proposed by Fox and Woese (1975) which includes only 
105 
those intramolecular double helical regions that could be formed in all six 
prokaryotic 5S RNAs known at the time of its publication. Sequences of 5S 
RNA determined subsequently proved to conform to the model without fail. 
The model also is in good agreement with studies on the sites in the 5S RNA 
molecule sensitive to nuclease attack (Vigne & Jordan, 1971, Jordan, 1971, 
Bellemare et al., 1972a) or modifying agents (Lee & Ingram, 1969, Bellemare 
et al., 1972b; Gray et al , 1973, Nolier & Herr, 1974, Delihas et al , 1975). 
It is, however, still at odds with other data pertaining to the secondary 
structure of prokaryotic 5S RNA, notably the oligonucleotide binding stu-
dies of Wrede et al. (1978). 
Secondary structure interactions between bases in an RNA chain can be stu-
died with the aid of proton magnetic resonance. Although as yet it is not 
possible to deduce the conformation of a RNA molecule directly from the 
proton spectrum, the technique can be used to check proposed base pairing 
schemes by comparing the experimentally obtained spectrum with that resul-
ting from ring current shift calculations. This approach was used by 
Kearns & Wong (1974) in a proton NMR study on E. coli 5S RNA. The resulting 
base pairing model, however, is not generally applicable to prokaryotic 5S 
RNA (Raué et al., 1975). 
In the present paper the conformation of Bacillus Lichemformis 5S RNA in 
1 31 о 
solution is studied with the aid of Η and Ρ NMR. At 40 С the 360 MHz 
proton spectra, recorded in the spectral region between 14.5 and 10 ppm 
downfield from DSS, display a resolution approaching that obtained in low 
field proton NMR spectra of tRNA. This resolution allows a comparison in 
some detail of the experimental spectrum to theoretical spectra derived 
from ring current shift calculations. Apart from resonances due to Watson-
Crick base pairing, the proton spectra also show resonances around 10.7 ppm 
most likely arising from exocyclic amino protons involved in hydrogen bon­
ding in non Watson-Crick base pairs (Reíd et al., 1975, Steinmetz-Kayne et 
al., 1977, Geerdes, 1979). This is a good indication for the presence of 
tertiary interactions in the 5S RNA molecule. The resolved resonances ob-
31 
served in Ρ NMR spectra of В.Licheniformis 5S RNA as well as those of E. 
coli 5S RNA, point to the existence of special phosphodiester conformations 
in the sugar phosphate backbone of 5S RNA, deviating from the g ,g confor­
mation found in A'RNA or A RNA double helices. The number of these special 
conformations in 5S RNA appears to be far smaller than in tRNA. 
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MATERIALS AND METHODS 
5S RNA. В.Licheniformis 5S RNA was kindly provided by Dr.H.A.Raué, Free 
University Amsterdam. 
Instrumentation. The Ρ NMFt spectrn were recorded on a Varian XL-100 spectrome­
ter, operating in the Fourier Transform mode at 40.5 MHz. Heteronuclear 
proton noise decoupling was used to remove the J-coupling induced by the 
ribose protons. A pulsewidth of 20 visee was employed, corresponding to a 
о 
flip angle of 45 . Accumulation proceeded during 16-20 hrs with a spectral 
width of 2000 Hz and an acquisition time of 1 s; no pulse delay was used. 
Usually, a sensitivity enhancement was applied, yielding a line broadening 
о 
of 0.6 Hz. The spectra were recorded at 33 C. The composition of the sam­
ples is described in the legends to the figures. Reported chemical shifts 
are given relative to 20% Η PO as an external reference with downfield 
shifts defined as positive. The D O solvent was used as an internal deute­
rium field frequency lock. 
High resolution Η NMR spectra were obtained on a Bruker 360 MHz spectrome­
ter operating in the correlation spectroscopy mode (Dadok & Sprecher, 1974; 
Gupta et al., 1974). 1000 scans of 2s each were accumulated in a Nicolet 
BNC-12 computer. Reported chemical shifts are given relative to sodium 
4,4-dimethyl-4-silapentane-5-sulfonate (DSS), with downfield shifts defined 
as positive. 
Ring current shift calculations for AU and GC base pairs were performed 
using the ring current shift tables of Arter 8i Schmidt (1976) , using intrin­
sic positions of 14.5 and 13.6 ppm respectively. Resonance positions of GU 
base pairs were predicted on the basis of the ring current shift tables of 
Geerdes & Hilbers (1979), using intrinsic positions of 12.2 and 12.5 ppm 
for the UN H and GN H proton respectively. 
The number of hydrogen-bonded proton resonances in the 5S RNA spectrum be­
tween 14.5 and 12.0 ppm was determined by comparing the resonance intensity 
Phe 
with that of a yeast tRNA spectrum recorded under identical instrumental 
conditions which contains a known number of resonances (Robillard et al., 
1977). The same number of scans was accumulated. The calibration was car-
o 
ried out at 35 C. Alternatively the total resonance intensity of the 5S RNA 
spectra was determined by integration or simulation of the spectra taking 
either the resonance at 14.2 ppm or at 11.0 ppm as unity or the resonance 
at 14.0 ppm equal to two protons. Total magnesium concentrations were de­
termined by atomic absorption spectrometry. 
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RESULTS 
H NMR. A representative example of a hydrogen bonded proton spectrum of 
о 
B.licheniformis 5S RNA between 14.5 and 10.0 ppm, recorded at 40 C, is pre­
sented in Figure 1. Under these conditions well-resolved resonances can be 
' ι ! 
J 
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10 
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^
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Figure 1. 360 MHz Η NMR spectrum of the hydrogen bonded ring 
N protons of B.licheniformis 5S RNA. Solution conditions: 1 mM 
5S RNA, 10 mM cacodylate, 10 mM EDTA, estimated total Mg 2 + 
concentration 12 mM, pH 7.0 in H2O. The spectrum consists of 
1000 accumulations recorded at 40 С. The insert shows a sec­
tion of the ^H NMR spectrum, recorded at 29 C. 
distinguished at 14.2, 14.0, 12.1, 11.8 and 11.0 ppm. The spectrum can be 
simulated by convoluting Lorentzian lines with a line width of 40 Hz. This 
is close to the value of 30Hz used to simulate spectra of well-resolved 
tRNAs obtained under similar conditions (Reid et al., 1977). The number of 
resonances in the 5S RNA spectrum at 35 С was determined by comparison to 
Phe 
a yeast tRNA spectrum, which under the conditions of the measurements 
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contains 26 proton resonances between 14.5 and 11.5 ppm (Materials and 
Methods). This yielded 30 proton resonances between 14.5 and 12.0 ppm. For 
a number of other situations the number of resonances was derived indepen­
dently from simulated spectra. In this way, we find 31 resonances between 
о 
14.5 and 12.0 ppm at 29 C. In addition two resonances from a GU pair (at 
11.8 and 11.0 ppm) and another 4 resonances around 10.7 ppm, are present 
at this temperature (see Figure 1, insert). At 40 С this procedure yields 
27 resonances between 14.5 and 12.0 ppm. Therefore, these integrations in­
dicate that between 14.5 and 12.0 ppm the spectral intensity increases by 
about three to four resonances when the temperature is lowered from 40 С 
о о 
to 29 С. At 29 С the resolution of the spectrum is somewhat less than at 
40 C. This may be due to the increased number of resonances, giving rise 
to increased overlap, and also to an increase of the rotational correla­
tion time of the molecules. 
Among the various models proposed for the secondary structure of prokaryo-
tic 5S RNA (Erdmann, 1976) the one suggested by Fox and Woese (1975) con­
forms well to much of the experimental data so far collected, while being 
universally applicable, i.e. it includes only those intramolecular double 
helical regions, which can be formed in all prokaryotic 5S RNAs sequenced 
to date. Therefore we will use this model as our frame of reference in 
discussing the spectra. 
Folding B.licheniformis 5S RNA into the Fox and Woese model gives rise to 
6 AU and 17 GC base pairs plus 2 GU pairs (Figure 2). Using this model the 
A C A C „ C , . 
ms U G „ t h „U A^ cab .,0 С 
» А с » G с; » ,,υ А,, 
„UUUGGUGGCG GAAGAG CCGU U 
. II 11 Я » . Я « IH · 1« Il Я • Я 1« il i SL ! Λ* 
„CGAACCGCCGC A C U U C U C
 AGGCAC С« 
G G U U G C \У A A G 
A G O C L A J G UU W A AG «OG U G« A G C-G G^ A 
C-G G U 
U С U 
pi 
Figure 2. Secondary structure of B.licheniformis 5S RNA 
according to the model proposed by Fox and Woese (1975). 
The various helical regions are indicated, ms: molecular 
stalk, th: tuned helix, cab: common arra base, pi: proka­
ryotic loop. 
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distribution of the resonances of the hydrogen-bonded protons was determi­
ned by calculating ring current shifts exerted by neighbouring bases (see 
Materials and Methods). The result is shown as a stick spectrum in Figure 1. 
Spectral region from 14.5 to 13.5 ppm. The resonances from the base pairs 
A -U , A 2 n-U 5 g and A "U present in the Fox and Woese model of B.liche-
niformis 5S RNA are calculated to occur in this region (Figure 1). The 
first two pairs are part of the so called "tuned helix", while the third 
pair is present in the "common arm base" (Figure 2). The experimental spec­
trum displays a single well-resolved resonance at 14.2 ppm and two resonan­
ces superimposed upon each other at 14.0 ppm, which is in good agreement 
with the predicted positions Base pair A -U„ present in the "molecular 
stalk" is also predicted to resonate in this spectral region, i.e. at 13.8 
ppm. However, because the helix in question ends with a weak GU interaction 
and because fraying effects are often seen at the ends of double helices we 
do not expect this AU pair to contribute to the low field H spectrum 
(Baan et al., 1977) The remaining AU pairs are predicted to resonate at 
higher field (Figure 1), where their resonances overlap with those arising 
from GC pairs. 
Spectral region from 13 5 to 12.0 ppm. In this region most of the resonan­
ces are crowded together giving rise to strongly overlapping lines from 
which the resonances around 13.3 and at 12.1 ppm stand out. Among other 
base pairs Α-.-·.,"^ from the molecular stalk is predicted to contribute to 
the resonance intensity at 13.3 ppm. At 12.1 ppm the spectrum shows a 
single peak, consisting of two superimposed Η resonances. Ring current 
calculations place the resonance of the G -С „ pair at this position (Fi­
gure 1) . 
о 
Spectral region from 12.0 to 10 0 ppm. At 29 С (Figure 1, insert) 5 reso­
nances are observed between 11 and 10 ppm. Because of their position these 
resonances cannot arise from normal Watson-Crick base pairs. In analogy 
with the results obtained for tRN/s they are attributed to ring N protons 
involved in hydrogen bonding to carbonyl groups as for instance in GU base 
pairs, and to exocyclic amino protons involved in hydrogen bonding of other 
non Watson-Crick base pairs. The latter type of proton resonances is indi­
cative of the presence of tertiary structure in the molecule (Reíd et al., 
1975, Steinmetz-Kayne et al., 1977, Geerdes, 1979). 
о 
Most of these resonances are melted out at 40 С (Figure 1). They are attri­
buted to protons involved in hydrogen bonding in the tertiary structure. 
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о 
The resonance at 11.0 ppm, which is not melted out at 40 C, is assigned to 
a more stable GU pair internal in a double helical stack. The argument for 
this assignment is discussed below. In the Fox and Woese model of B.liche-
niformis 5S TINA the G -U base pair internal in the molecular stalk (Fi-110 6 
gure 2) forms the only possible candidate for this resonance. As mentioned 
before the G -U pair at the terminus of the molecular stalk is not ex­
pected to contribute to the proton spectrum due to fraying effects. In con­
trast to GC and AU pairs a GU base pair contributes two resonances to the 
low field NMR spectrum, i.e. a GN H and a UN H proton resonance (Baan et 
al., 1977, Johnston & Redfield, 1978). The resonance positions of these two 
protons in the G -U base pair were estimated by calculating the ring 110 о 
current shifts induced by nearest and next-nearest bases. Using ring cur­
rent shift tables of Geerdes & Hilbers (1979) we obtained positions of 11.2 
and 12.0 ppm for the UN H and the GN H proton respectively. This is close 
to the experimentally observed positions at 11.0 and 11.8 ppm. 
Temperature dependence of the low field H NMR spectra. As has been mentio-
o о 
ned, increasing the temperature from 29 С to 40 С seems to result in a dis­
appearance of a few resonances between 14.5 and 12.0 ppm in addition to the 
loss of resonances around 10.7 ppm. The melting of the molecule can be fol-
o 
lowed in much more detail above 40 С. In Figure 3 NMR spectra recorded at 
о о 
various temperatures between 40 С and 53 С have been collected. In this se-
2+ 
n e s of experiments the Mg concentration was higher than that in Figure 
о 
1. As a result resonance intensity is still visible at 40 С around 10.7 ppm; 
о it disappears at 48 С (Figure 3). Between 14.5 and 12.0 ppm some resonances 
о 
are seen to be slightly shifted when the 40 С spectra in Figure 1 and Figu­
re 3 are compared. However, the total number of proton resonances in this 
spectral region remains constant within the limits of experimental accuracy. 
о 
The melting process above 40 С has been followed by simulating the spectra 
taking the resonance at 11.0 ppm as unity (see Materials and Methods). This 
о 
was most easily achieved by starting with the spectrum recorded at 53 C, 
which has the best resolution. This spectrum could be simulated by convolu-
ting 16 Lorentzian lines, omitting the residual resonance at 11.8 ppm. Sub­
sequently, all other spectra in Figures 3 and 4 could be simulated by ad­
ding or subtracting resonances; occasionally a small shift of a few hun-
dredthsof a ppm had to be introduced. It follows from these simulations 
that upon raising the temperature from 40 С to 53 С a total of 12 resonan­
ces is lost between 14.5 and 12.0 ppm, three of which are the AU resonances 
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Figure 3. 360 MHz H NMR spectra of the hydrogen
bonded ring N protons of B .licheniformis 5S RNA re-
corded as a function of temperature between 40 C and
53 C. Solution conditions: l„mM 5S RNA, 10 mM caco-
2 +dylate, 10 mM EDTA, total Mg concentration 15 mM, 
pH 7.0 in H20. The spectra consist of 1000 accumula- 
tions each.
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at 14.2 and 14.0 ppm. At 48 С the latter resonances have hardly broadened 
but rather have diminished in intensity. This means that they disappear in 
an equilibrium process in which the double helix population of these AU 
pairs decreases. In this case, the dissociation rate constant of the double 
2 -1 
helix concerned will be less than 10 s (Crothers et al., 1973). The mel­
ting of the AU resonances follows closely upon the loss of the tertiary 
structure resonances around 10.7 ppm which are the first to disappear when 
the temperature is raised (Figure 3). It is therefore interesting to note 
о 
that at 53 С the resonance at 11.0 ppm is still visible in the spectrum. 
Apparently its melting not only is decoupled from the melting of the ter­
tiary structure, as witnessed by the earlier melting of the resonances 
around 10.7 ppm, but also from the melting of part of the secondary 
structure, since 12 resonances between 14.5 and 12.0 ppm have disappeared 
о 
from the spectrum at 53 C. It is for this reason that we have assigned the 
resonance at 11.0 ppm to a GU pair in an internal position in a double he­
lical stack. The resonance at 11.8 ppm which was also attributed to this 
base pair broadens somewhat before the resonance at 11.0 ppm, but both re-
o о 
sonances disappear in the narrow temperature range between 53 С and 57 С 
(compare Figure 3 and Figure 4). A similar melting behaviour of a GU pair 
has been observed before (Baan et al., 1977). 
о 
The absence of the AU resonances at 53 С also indicates that the tuned he­
lix and the common arm base (Figure 2) will no longer contribute to the 
о 
spectrum at 57 C. The latter will thus be representative of the remaining 
molecular stalk and the prokaryotic loop. Among the possible double helices, 
which on the basis of a base pairing matrix can be formed in B.lichenifor-
mis 5S RNA,these two are the most stable. Using thermodynamic parameters of 
Gralla & Crothers (1973), Borer et al. (1974) and Tinoco et al. (1971) 
о о 
melting temperatures of 82 С and 92 С are predicted for the molecular stalk 
and the prokaryotic loop respectively. For the prokaryotic loop we choose 
the most stable form with four GC pairs in the stem and five bases in the 
loop. The AG for formation of the latter hairpin is calculated to be -3.6 
Kcal/mol at 57 С. For the molecular stalk we calculate the AG for hairpin 
о formation to be equal to -6.6 Kcal/mol at 57 C. Therefore we expect that 
о 
the resonances of these two double helices will still be visible at 57 C. 
о 
The spectrum at 57 С consists of 11 resonances which is close to the number 
expected for the two double helices. There is too much overlap of resonan­
ces to use this spectrum as a definitive test of the base paired sequences 
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57 "С 
^ ^ V-4j«vWVAw 
К О 13.0 12.0 11.0 ppm(DSS) 
Figure 4. 360 MHz H NMR spectrum of the hydrogen bonded 
ring N protons of B.licheniformis 5S RNA recorded at 57 C. 
Solution conditions are the same as thooe of Figure 3. The 
spectrum consists of 1000 accumulations. 
really present in solution. However, the intensities at 13.2, 12.6 and 12.1 ppm 
may serve as indications for the "intactness" of the prokaryotic loop and 
the molecular stalk. Empirical resonance positions of base pairs, sandwiched 
between certain other base pairs, are available from model system studies 
(Hilbers & Salemink, unpublished results). This way we find Сд^ііо a t 1 2 · 0 
ppm. None of the other base pairs is found to resonate at that position. 
Furthermore on this basis the three base pairs G 0 -C , G -C and G -C 
81 91 82 90 83 89 
in the prokaryotic loop are predicted to resonate at 12.7 ppm. Finally, the 
base pairs G--С. and G -С „ will give rise to resonances at 13.2 and 13.1 
ppm. Therefore taking into account the expected stability of the helices, 
the number of resonances in the spectrum and the agreement between the posi­
tions of the marker resonances and those expected for particular base pairs 
in the helices, there is a reasonable basis for assuming that the molecular 
о 
stalk and the prokaryotic loop are indeed present in solution at 57 С. Mea-
o 
surements at temperatures higher than 60 С resulted in hydrolysis of the 
114 
2+ 
sample probably as a result of the presence of Mg Ions (Weidner et al., 
о 
1977). No such effects were observed at 57 C. When 5S RNA was kept at this 
о 
temperature for several hours and then cooled, spectra recorded at 40 С 
were virtually equivalent to those obtained prior to heating. 
31 
Ρ NMR . The proton NMR experiments described in the preceding section 
31 31 
have been supplemented by Ρ NMR experiments. In Figure 5 Ρ spectra of 
5S RNA of B.licheniforrais (Figure 5A) as well as of E. coli (Figure 5B), 
recorded at 33 C, are compared with a Ρ spectrum of yeast tRNA (Figure 
5C) obtained under similar solution conditions. 
The spectra are characterized by one large resonance (cut off at about half 
height) around 0 ppm coming from the majority of the diester phosphates in 
these RNA species. At both sides of the main resonance resolved resonances 
are visible. For all three RNAs the low field resonance close to 3.5 ppm 
can be assigned to the 5'-terminal monoester phosphate on the basis of 
its pH dependence (Guéron & Shulman, 1975). It has been shown in Chapter 
Phe 
IV that about seventeen diester phosphates in yeast tRNA are contribu-
31 
ting to the resolved resonances in its Ρ NMR spectrum (Figure 5C). Inte­
gration of the spectra in Figure 5A and 5B shows that in 5S RNA only four 
diester phosphate groups give rise to such resolved resonances. We have de-
Phe 
monstrated that the resolved resonances in the spectrum of yeast tRNA 
are either due to diester phosphates having conformations differing from 
the g ,g conformation, or to diester phosphates involved in hydrogen bonds 
(Salemink et al., 1979). These special conformations are imposed by the 
tertiary structure or by the interactions within the loops. Therefore we 
conclude that in the 3-dimensional structure of 5S RNA, under our experi­
mental conditions, only four diester phosphates, deviating from the g ,g 
conformation and/or involved in hydrogen bonding, are present. Apparently 
the phosphate backbone in 5S RNA is much less constrained by the tertiary 
structure than that of tRNA. 
31 
A comparison of the Ρ spectra of the two prokaryotic 5S RNA species (Fi­
gures 5A and 5B) shows that they are not quite identical. This may reflect 
different values of the torsional angles ω,ω' and/or the bond angle θ of 
the respective phosphate groups. 
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рртІНзРОд) 
31 
Figure 5. 40.5 MHz Ρ NMR spectra of B.lichem-
formis 5S RNA (A), E. coli 5S RNA (В) and yeast 
tRNAPhe (C) recorded at 33 С. The main resonance 
in each of the spectra has been cut off at about 
half height. Solution conditions for both 5S RNA 
samples: 1 mM 5S RNA, 30 mM cacodylate, 80 mM 
NaCl, 1 mM EDTA, estimated total Mg 2 + concentra­
tion 12 mM, pH 7.5 in D^O. Solution conditions 
for tRNA sample: 1 mM tRNA, 80 mM NaCl, 30 mM 
cacodylate, 10 mM MgCl , 1 mM EDTA, pH 7.0 in 
D 20. 
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DISCUSSION 
Hydrogen bonding in В.licheniformis 5S RNA. One of the important questions 
to be answered in a structure determination of 5S RNA concerns the number 
of base pairs present in the molecule. We have approached this problem by 
1 Phe 
comparing the low field H NMR spectrum of yeast tRNA , wich contains a 
known number of hydrogen bonded ring N proton resonances, with that of 5S 
RNA of B. lichemformis. From this comparison it follows that below 40 С the 
5S RNA spectrum contains close to 30 hydrogen bonded ring N resonances be­
tween 14.5 and 12.0 ppra downfield from DSS. The same result is obtained 
when experimental and simulated spectra are compared. Because of fraying 
effects resonances from some base pairs may be absent from the spectra, 
even though the base pairs are intact during 90% of the time. The base pair 
A -U (Figure 2) is likely to be susceptible to such fraying. Therefore 
the number of base pairs calculated above is a lower limit. In addition two 
resonances have been assigned to a GU base pair, while 4 resonances around 
10.7 ppm have been attributed to protons involved in non Watson-Crick base 
pair formation. This brings the total number of base pairs present in 5S 
о 
RNA from В. lichemformis below 40 С to at least 35. Our estimate of the ab­
solute number of resonances in the spectra is necessarily rather inaccurate, 
e.g. in order to compare 5S RNA and tRNA spectra, the sample tubes have to 
be interchanged. We estimate the accuracy to be ± 5 proton resonances. The 
relative intensity of the various resonances in a particular spectrum can 
be determined reasonably well by simulation. Using a particular proton re­
sonance as a standard, the accuracy in determining the total intensity 
within a single spectrum is estimated to be ± 2 proton resonances. Kearns 
& Wong (1974) have estimated the number of base pairs in 5S RNA from E. 
Phe 
coll also by comparing its spectrum to that of yeast tRNA . At the time 
of publication of their estimate the number of hydrogen bonded resonances 
Phe for yeast tRNA was taken to be equal to 19. When the presently accepted 
value of 26 resonances is used (Robillard et al., 1977), we arrive at an 
estimate of 36 resonances in E. coli 5S RNA between 14.5 and 11.0 ppm at 
30 C. Taking into account the difference in experimental conditions this is 
close to the number obtained in our experiments. Most other techniques 
used in determining the extent of base pairing in 5S RNA yield values close 
to or higher than 36 (Erdmann, 1976). An exceptionally high estimate was 
obtained recently from an infrared study of B.stearothermophilus and E.coli 
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5S RNA. This study indicated a number of 46 and 56 base pairs for the two 
о 
5S RNA species respectively, at 20 С (Appel et al., 1979). All these stu­
dies converge on the conclusion that the number of base pairs present in 
the 5S RNA structure is larger than that derived from the Fox and Woese 
model. More in particular, our results for B.licheniformis 5S RNA demon­
strate that the 23 Watson-Crick base pairs present in the Fox and Woese mo­
del of this RNA are insufficient to explain all resonances observed in the 
о 
proton NMR spectrum below 40 С. Of course the model, which is exclusively 
a secondary structure model, does not account for the resonances due to non 
Watson-Crick base pairs around 10.7 ppm. Neither for that matter does any 
of the other secondary structure models proposed. Despite the discrepancy 
between the number of resonances observed in the H NMR spectra and the 
number of base pairs present in the Fox & Woese model our data support the 
presence of several elements of the model in the conformation of 5S RNA. 
The existence of the molecular stalk is strongly supported by the GU reso­
nances at positions close to those predicted for G -U and by the marker 
110 о 
о 
resonances in the 57 С spectrum. The disappearance of the GU resonances at 
о о 
57 С does not imply that the molecular stalk is not intact at 57 C. The 
reason is that GU base pairs positioned internally in a helical stack can 
open up at a faster rate than the helix itself (Rhodes, 1977; Johnston & 
Redfield, 1978). The high-temperature spectra obtained in the NMR study of 
E. coli 5S RNA by Kearns fc Wong (1974) are also in agreement with the pre­
sence of a molecular stalk in this molecule. Evidence for the existence of 
both the molecular stalk and the prokaryotic loop is also provided by expe­
riments on the RNase sensitivity of 5S RNA. Douthwaite et al. (1979) sho­
wed that in E. coli 5S RNA both regions are resistant to low concentrations 
of RNase A and RNase Τ . The G residues from the prokaryotic loop of B.li­
cheniformis 5S RNA are completely resistant to low concentrations of RNase 
Τ even at 50 С in 7M urea (Stiekema & Raué, unpublished results). Moreover 
the prokaryotic loop can be isolated as such from partial RNase Τ digests 
of B.licheniformis 5S RNA (Raué et al., 1975). The existence of the molecu-
lar stalk and prokaryotic loop, therefore, appears now to be well documen-
ted. 
It seems likely, in view of the combined evidence for the existence of the 
prokaryotic loop discussed above, that the models that do not incorporate 
this feature can be discarded. This includes the models of Kearns & Wong 
(1974), Weidner at al. (1977) and Cantor (1967); see also Table I. 
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Table I: Common features in the secondary structure of 
various models proposed for 5S RNA. 
model 
double 
helixb FfcW K&W L&M M Ö W С 
ms + + + + + + 
th + + _ _ _ _ 
cab + - + + + 
pi + - + + + -
The various models are: F&W, Fox & Woese (1975); K&W, 
Kearnsb Wong (1974); L&M, Luoma & Marshall (1978b) ; M, 
Madison (1963); Ö, Österberg et al. (1976); W, Weidner 
et al. (1977); С, Cantor (1967). 
b 
ms: molecular stalk; th: tuned helix; cab: common arm 
base; pi: prokaryotic loop. 
Less certainty exists, however, about the presence of the tuned helix and 
the common arm base. Our NMR data are certainly not inconsistent with the 
occurrence of these two elements, but they do not provide conclusive evi­
dence for their existence. This becomes clear when the experimental spec­
tra are compared to theoretical spectra derived by ring current calcula­
tions using other models proposed for the secondary structure of 5S RNA. 
Such calculations were performed for the models of Kearns & Wong (1974), 
Madison (1968), Österberg et al. (1976), Luoma & Marshall (1978b), Cantor 
(1967) and the В model of Weidner et al. (1977). All these models have the 
molecular stalk as well as one or more of the other double helices of the 
Fox & Woese model in conunon except the Cantor model which comprises only 
the first seven base pairs of the molecular stalk (Table I). As a result, 
for all of these structures G 1 l n~U_ resonances are predicted at 11.8 and 
11.0 ppm as for the Fox & Woese model. In addition the models (except one) 
also yield 3 AU resonances between 14.3 and 13.7 ppm in their theoretical 
spectra. In the В model of Weidner et al. (1977) the formation of a double 
helix equivalent to the tuned helix in the Fox & Woese model in principle 
is possible. The authors have deliberately left out this helix, however, 
because the В model is taken to be the denatured form of E. coli 5S RNA. 
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In this forra a base from the tuned helix is accessible to chemical modifica­
tion (Aubert et al., 1973). If the helix is incorporated we again predict 
3 AU resonances between 14.3 and 13.7 ppm. 
One further general deduction about the conformation of 5S RNA can be made 
1 о 
from the H spectra at and below 40 C. Below 13.5 ppm there are three AU 
resonances (to which, in principle, AU Hoogsteen pairs may contribute), 
that amount to 10% of the total resonance intensity present between 14.5 
and 12.0 ppm. This value is decidedly lower than that found for tRNA, where 
on the average 6 AU resonances (including AU Hoogsteen pairs) are found be­
low 13.5 ppm with the notable exception of E.coli tRNA , which has only 
3 AU resonances in this spectral region. Importantly it contains only 2 AU 
pairs in its secondary structure. Therefore in general in tRNA at least 20% 
of the base pairs are AU combinations. This comparison shows that relative 
to tRNA B.licheniformis 5 S RNA has a high content of GC pairing. Interes­
tingly, NMR experiments on two other 5S RNA species, i.e., yeast 5S RNA 
(Wong et al., 1972) and E. coli 5S RNA (Kearns & Wong, 1974) showed even 
less resonance intensity below 13.5 ppm indicating that in these molecules 
also a relatively high number of GC base pairs is present. 
31 
Folding of the molecule. From the Ρ spectra (Figure 5) it is concluded 
that the number of special conformations in the sugar phosphate backbone of 
5S RNA is much less than in tRNA. In tRNA these special conformations arise 
because the molecule is folded into a compact structure in which the ΤΨΟ 
loop and the DHU loop, which are far apart in the secondary structure, in­
teract. As a result several phosphate groups are forced out of their normal 
lowest energy state, i.e., the g ,g conformation with respect to torsional 
angles ω' and ω. Apparently such compact folding patterns are less pronoun­
ced in 5S RNA. The model inferred from small angle X-ray scattering experi­
ments in which 5S RNA is considerably more elongated than tRNA (Österberg 
31 
et al., 1976) may form the explanation for our Ρ NMR observations. More­
over, the elongated conformation of the 5S RNA molecule, in which there 
would be little interaction between the various double helical segments, 
may also explain the sequential melting of the molecule observed in the Η 
NMR spectra of Figures 3 and 4. This sequential process is observed in the 
2+ 
presence of Mg ions (Figure 3). The first part to melt out is the ter­
tiary structure followed by secondary structural elements. The disruption 
2+ 
of the tertiary structure clearly depends on the Mg concentration (see 
Results). Under our solution conditions its Τ does not appear to be suffi-
m 
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ciently raised so as to couple to the rest of the melting transitions. This 
is contrary to experience with tRNA (Römer & Hach, 1975; Stein & Crothers, 
1976). It may be a general property of 5S RNA structure since also for E. 
2+ 
coli 5S RNA sequential melting has been observed in the presence of Mg 
(Wong & Kearns, 1974). The disruption of the 5S RNA tertiary structure pro-
ceeds at physiological temperature. It, therefore, may reflect possible re-
arrangements of the 5S RNA conformation during protein biosynthesis (Woese 
et al., 1975; Weidner et al., 1977). 
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CHAPTER Vili 
FUNCTIONAL DIFFERENCES BETWEEN 
E.COLI t R N A ^ M e t AND E.COLI t R N A ^ M e t 
CONCLUDING REMARKS. 
It has been emphasized in the introduction that relatively little is 
known about possible functional conformational changes in tRNA. There are 
some indications that the DHU-TyC loop interactions are disrupted on the 
ribosome during protein synthesis (Sprinzl et al., 1976). Oligonucleotide 
binding experiments suggested that this opening might be triggered by codon-
anticodon interaction (Schwarz et al., 1976; Schwarz and Gassen, 1977), al­
though the oligonucleotide used to check the opening may bind to other re­
gions on the tRNA (Moller et al., 1979). NMR experiments of Geerdes (1979) 
suggest that as a result of correct codon-anticodon interaction in yeast 
Phe 
tRNA bases of the extra arm, which are involved in tertiary interactions, 
may become available for dimer formation between tRNA molecules. Also che-
Lys 
mical modification studies on E coli tRNA in the presence of codon indl-
7 
cate that bases of the extra arm, in particular the m G residue, become 
available for reaction (Wagner and Garrett, 1979). 
7 
In Chapter III it has been demonstrated that in solution the m G residue is 
fMet Phe 
involved in base pairing in E.coli tRNA and yeast tRNA as it is in 
Phe 
the 3-dimensional model of yeast tRNA (Quigley and Rich, 1976, Hingerty 
et al , 1978, Holbrook et al., 1978, Stout et al., 1978).In absence of the 
7 
triple m G.y-G„--C (Figure 2 in Chapter III), which is most likely present 
in E.coli tRNA^ M e t but not in E.coli tRNA , where the m G residue has 
been replaced by A (Figure 1), the tertiary structure is significantly 
2+ 
weakened. Crothers et al. (1974) showed, that in the absence of Mg the 
melting temperature characterizing the disruption of the tertiary structure 
o fMet fMet 
is 16 С lower for tRNA than for tRNA . This observation provides an 
opportunity for investigating the functional significance of a conforma­
tional change in the extra arm. 
Initiation of protein synthesis starts with tRNA and the structural dif-
fMet ferences between the two tRNA species may become manifest in their 
initiation properties. Therefore, experiments were performed in an in vitro 
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С G А С 
О С U С 
Figure 1 Primary structure of 
E.coli tRNA f" e t as determined by 
Dube et al. (1969) Solid lines re­
present tertiary interactions pro­
posed on the basis of the crystallo-
Phi» 
graphic data of yeast tRNArn 
protein synthesizing system, depending upon mRNA from bacteriophage M13, in 
order to investigate whether polypeptides were synthesized with different 
frequencies mRNA from bacteriophage M13 codes for at least 10 polypeptides. 
To date, the synthesis of 7 of these polypeptides has been demonstrated in 
vitro (Konings et al., 1975). Their molecular «eights vary between 5,000 
and 60,000. From the experiments we may conclude that major differences be­
tween the two tRNA species exist in their effectiveness of initiating the 
synthesis of the products encoded by Genes III, IV and X Gene III protein 
is involved in absorption of the bacteriophage to the cell. Gene IV protein 
is involved in morphogenesis, while the function of Gene X protein is still 
unclear Interestingly, one of these 3 polypeptides was initiated more ef-
fMet fMet 
fectively by tRNA as compared to tRNA The other two proteins were 
fMet 
produced in larger amounts, when their synthesis was initiated by tRNA 
MATERIALS AND METHODS 
„„.fMet . „„.fMet 
tRNA and tRNA 
X «J 
E.coli tRNA e and E.coli tRNA θ were purified as described in Chapter II 
In Figure 2 the fluorescence spectra of tRNA e and tRNA are given. They 
о 
were recorded on a MPF 4 Perkin Elmer fluorescence spectrometer at 20 С using 
an excitation wavelength of 304 nm Comparison of the spectra shows that the 
7 fMet 
emission band of m G in tRNA at 410 nm is reduced to a very large 
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fluorescence Γ Μ 
100 
50 
tRNA 
350 400 1.50 500 550 600 
wavelength Inm) 
f Met 
Figure 2. Fluorescence spectra of tRNA 
and tRNA| M e t. 
extent in tRNA , indicating the absence of m G in tRNA . The residual 
fMet fluorescence in the spectrum of tRNA most likely comes from some con-
fMet 
taraination with tRNA . Equal amounts of the two formylmethionine speci-
35 fie tRNAs were charged with S-labeled methionine. Subsequently, the two 
aminoacyl-tRNAs were formylated with a transformylase enzyme (Adams and 
Capecchi, 1966). The extent of formylation was determined by the procedure 
described in Chapter III; tRNA e could be formylated to 70-87% and 
fMet 
tRNA to 90%. 
In vitro protein synthesizing system 
The experimental procedure as described by Konings(1980) was used. Both for-
f Met 
mylated tRNA species were incubated in a solution, containing all 
necessary cell components. Protein biosynthesis was directed by mRNA from 
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— Ш 
— Ή 
— π 
φ
 m 
Figure 3. Autoradiogram of a Polyacryl­
amide gel of polypeptides, the synthesis 
of which was initiated by tRNAg M e t (left) 
and tRNA* M e t (right). The direction of 
electrophoresis is indicated by the ver­
tical arrow. The polypeptides important 
for the discussion are indicated by hori­
zontal arrows. The Roman numbers repre­
sent the different Gene products. 
bacteriophage M13. In all cases initiation of protein synthesis was perfor-
fMet fMet 
med under identical experimental conditions for tRNA and tRNA . After 
incubation at 37 С during 30 min,, the polypeptides formed were separated by 
Polyacrylamide gel electrophoresis and subsequently detected by autoradio-
35 
graphy via the S-label 
respective polypeptides. 
ed N-formylmethionine groups, incorporated into the 
RESULTS AND DISCUSSION 
The experiments were designed in a way that allows direct comparison of the 
fMet fMet fMet 
properties of tRNA and tRNA as Initiator tRNAs. Both tRNA species 
35 
were charged with S-labeled methionine and subsequently formylated, yiel-
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fMet fMet 
ding N-formylmethionyl tRNA . Then, both N-formylmethionyl tRNA 
species were incubated separately in the ijn vitro protein system, des­
cribed in the previous section. After incubation, the polypeptides synthe­
sized were resolved by Polyacrylamide gel electrophoresis. Two typical gel 
patterns are shown in Figure 3. The gel pattern at the left corresponds to 
fMet 
the polypeptides initiated with tRNA , the gel pattern at the right re­
presents the polypeptides initiated with tRNA . For some of the proteins 
hardly any difference exists between both gel patterns. These include the 
polypeptides encoded by Genes II, V and VIII From this observation we con-
fMet fMet 
elude that replacing tRNA by tRNA does not affect initiation of this 
particular group of polypeptides. However, differences in the initiation of 
the polypeptides III, IV, X and Y are evident upon comparison of both gel 
patterns. Polypeptides not marked in Figure 3 are early-termination products 
and differences between these will therefore not be discussed below. The 
fMet 
Gene III and IV polypeptides are more effectively initiated by tRNA . On 
the other hand, the Gene X and Y polypeptides are more effectively initiated 
fMet by tRNA . If in initiation the disruption of hydrogen bonded interactions 
of bases in the extra arm were a codetermining factor, one would expect that 
7 
the m G "»-A mutation influenced the process in a certain direction. In 
7 fMet 
other words, the absence of the m G -G -С triple in tRNA would be 
thought to yield a smaller amount of polypeptide for each of the products 
fMet 
as compared to the incubation experiment performed with tRNA , or vice 
versa. However, the experimental results are more complicated. Disregarding 
the polypeptides from Genes II, V and VIII, which were initiated to the 
fMet 
same extent, for the polypeptides III and IV tRNA is a more potent 
fMet initiator than tRNA , while for the polypeptides X and Y the reverse is 
true. We have sought an explanation for these results by comparing the 
initiation codons of the three polypeptides III, IV and X and by comparing 
the base sequences, preceding the initiation codons. (The identity of pro­
duct Y is still unknown and therefore it will not be taken into account). 
The primary structures are given below, together with the sequence of the 
3' end of 16S rRNA. According to the hypothesis of Shine and Dalgarno 
(1974) the latter sequence serves as a ribosomal binding site for the inter-
cistronic regions on the mRNA, preceding the initiation codon. Bases pre­
ceding the initiation codon are thought to bind to complementary bases pre­
sent at the 3' end of the 16S rRNA. 
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3' HO-AUUCCUCCACUAG 16S rHNA 
UUGGAGAUUUUCAACGUG AAA AAA Ul'A Gene III 
Met Lys Lys Leu 
AAAAAGGUAAUUCAAAUG AAA UUG UUA Gene IV 
Met Lys Leu Leu 
UUUGAGGGGGAUUCAAUG AAU AUU UAU Gene X 
Met Asn lie Туг 
Comparison of the three intercistronic raRNA sequences and their possible 
modes of binding reveals that it is virtually impossible to deduce the pre­
sence of essential homologies among these, so that on this basis we cannot 
f Met derive any relationship between the polypeptide initiation by tRNA and 
f Met 
tRNA . We also do not find any preferential use of the initiation tri­
plets GUG versus AUG by either of the tRNAs, e.g. the Gene III and Gene IV 
polypeptides have GUG and AUG initiation codons respectively, yet they are 
fMet fMet 
both initiated equally well by tRNA , while tRNA is clearly less 
suited in both cases. Despite the failure of these simple approaches to 
fMet fMet provide an explanation for the different behaviour of tRNA and tRNA_ 1 3 
it is clear from the present experiments, that the single mutation 
7 
m G ->-A._ may have an important influence on the initiation of the synthesis 47 47 ' 
of some Gene products. Conformational changes involving the bases of the 
extra arm may therefore be of functional significance. 
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CONCLUDING REMARKS 
31 
One of the main themes of this thesis is the exploration of the Ρ NMR 
technique in the study of solution conformations of nucleic acids. It has 
been shown unambiguously that the occurrence of particular foldings In the 
phosphate backbone, deviating from the regular g ,g conformation, can be 
31 
demonstrated by Ρ NMR. Among other things, this can provide unique infor­
mation about the folding of single stranded regions or loop regions of 
nucleic acids in solution, not easily obtainable otherwise. As Is demonstra-
Phe 
ted for yeast tRNA the assignment of resolved resonances is not an easy 
task. When unambiguous X-ray crystallographic data are lacking, assignments 
will probably be restricted to particular nucleotide regions rather than to 
31 
individual phosphates. In most cases Ρ NMR experiments should be supple­
mented by Η NMR data. 
31 
Among the naturally occurring nucleic acids studied so far by Ρ NMR, 
tRNAs seem to possess relatively more phosphate residues, deviating from the 
normal g ,g conformation, than the other polynucleotides. A comparison of 
the results of tRNA and 5R RNA obtained in this thesis shows this to be true. 
31 
Other research groupshave examined Ρ NMR spectra of ribosomal RNA in nbo-
somes and native chromatin core particles and their constituent DNA (Kallen-
bach et al., 1978; Simpson and Shindo, 1979,Tritton and Armitage, 1978). 
In all studies one approximately symmetrical signal was observed, while no 
evidence was obtained for the presence of resolved resonances as in tRNA 
and 5S RNA. Whether these studies are conclusive remains to be seen. A num­
ber of experiments were performed at 109.3 and 145 7 MHz. At these frequen­
cies one may lose resolution as a result of a substantial contribution of 
the chemical shift anisotropy to the transverse relaxation time Τ (Guéron & 
Shulman,1975). In addition very often the obtained signal to noise ratio 
does not permit the detection of phosphates with deviating conformations, 
occurring at a low frequency along the polynucleotide chain. 
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SUMMARY 
This dissertation descnbeb a structural investigation of transfer RNA by 
H and Ρ NMR. To this purpose, yeast tRNA and several E.coli tRNAs were 
Phe 
studied. X-ray diffraction studies of yeast tRNA have shown that a number 
of bases is involved in maintaining the tertiary structure by forming base 
7 
pairs outside the cloverleaf framework. One of these bases, the m G in the 
extra arm, is involved in base pairing to a G residue in the DHU stem. 
H NMR experiments are described (Chapter III) in which it is demonstrated 
7 
that the m G residue is also involved in base pairing in solution. For 
E.coli tRNAi this could be accomplished by comparing the spectra of 
E.coli tRNA^Met and tRNA 6 , which only differ in the position of a single 
7 1 3 
base (m G .-"•A ) in the extra arm. Comparison of the spectra of intact yeast 
Phe Phe 7 
tRNA and yeast tRNA , from which the m G base was excised by specific 
chemical modification, yielded equivalent results. The chemical shift diffe-
7 
rence of the hydrogen bonded ring N protons of the m G residues in yeast 
Phe fMet 
tRNA and E.coli tRNA is discussed in relation to the structure of 
their respective augmented D-helices. Subsequently, it is described how 
31 
Ρ NMR can be used to investigate characteristic features of tertiary 
31 
structure. Ρ NMR spectra of tRNA consist of a large resonance, coming from 
the majority of the diester phosphates, and a number of resolved resonances. 
The native structure of tRNA is very compact, as a result of the specific 
folding of the phosphate backbone at a number of locations along the chain. 
The diester conformations at these locations deviate strongly from that 
found in normal double helices and it appears that they give rise to resol-
31 
ved Ρ resonances. By performing specific chemical and enzymatic modifica­
tion experiments it is demonstrated that the resolved resonances can be 
classified in two categories, i.e. those originating from the anticodon loop 
structure and those arising from phosphate groups involved in maintaining 
the tertiary structure (Chapter IV). This was confirmed in an extensive 
31 
series of Ρ NMR melting experiments. From measurements of the tempera­
ture and ionic strength dependence of the Ρ NMR spectra of yeast tRNA 
it was also concluded, that near physiological solution conditions bases 
of the anticodon loop are stacked upon each other and that unfolding of 
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structured regions in the anticodon loop can occur without unfolding the 
31 
main part of tertiary structure. In addition, the Ρ NMR spectra indicate 
that structural changes in the anticodon loop affect the geometry of the 
phosphate groups in the double helical structure of the anticodon stem 
(Chapter V). The temperature-dependent behaviour of another tRNA, ι e. 
Glu 
E.coli tRNA , shows that the dynamics of tertiary structure unfolding of 
Phe 
this tRNA differs remarkably from that of yeast tRNA . To account for this 
Glu difference, a model for the unfolding of E.coli tRNA is proposed (Chapter 
VI). The experience obtained with tRNAs was used in a structural study of 
5S ribosomal RNA from Bacillus licheniformis. Models proposed for the struc-
1 31 
ture of 5S rRNA were tested on their validity using H NMR spectra. Ρ NMR 
spectra of 5S rRNA from B.licheniformis and E.coli show that the phosphate 
backbone of 5S RNA is not as compactly folded as that of tRNA (Chapter VII). 
7 
To investigate whether the presence of the m G interaction has any functio­
nal significance the initiation properties of the two tRNA species were 
tested in an ^ n vitro protein synthesizing system, depending upon mRNA from 
bacteriophage M13. From these experiments it followed that the initiation of 
some of the Gene products is remarkably different. This suggests,that dif­
ferences in hydrogen bonding of bases present in the extra arm are of 
functional significance (Chapter VIII). 
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SAMENVATTING 
Dit proefschrift behandelt een onderzoek naar de struktuur van transfer RNA 
1 31 
met behulp van H en Ρ NMR Hiervoor is gebruik gemaakt van phenylalanine 
specifiek tRNA uit gist en verschillende tRNAs uit E.coli, coderend voor 
diverse aminozuren. Uit Rdntgen-diffraktie metingen aan phenylalanine speci­
fiek tRNA uit gist is gebleken, dat een aantal basen betrokken is bij het 
in stand houden van de tertiaire struktuur door base paren te vormen buiten 
7 
de klaverblad struktuur. Eén van deze basen, ni. m G in de extra arm, vormt 
een base paar met een G residue in de DHU stem H NMR experimenten worden 
7 
beschreven, waarmee kon worden aangetoond dat deze m G base óók in oplossing 
participeert in base paring (Hoofdstuk III). Deze conclusie kon worden ge-
trokken na vergelijking van de H spectra van E.coll tRNA en tRNA , 
7 die slechts van elkaar verschillen in één base (m G..„->-A,„) uit de extra arm 47 47 
Vergelijking van de H NMR spectra van intakt tRNA e en tRNA , waaruit de 
7 
m G base was verwijderd via specifieke chemische modifikatie, leverde ana-
loge resultaten op. Het verschil m resonantie positie van de waterstof-
gebrugde ring N protonen van de m G basen in gist tRNA en E.coli t NA 
wordt gediscussieerd in het licht van de struktuur van de DHU stems van beide 
tRNAs. 
31 
Vervolgens wordt besproken, hoe Ρ NMR aangewend kan worden om karakteris-
31 
tieke tertiäre struktuurkenmerken te onderzoeken. Ρ NMR spectra van tRNA 
geven een aantal opgeloste resonantielijnen te zien naast een centrale re-
sonantielijn, die afkomstig is van de meerderheid van de diesterfosfaat-
groepen. De natieve struktuur van tRNA is zeer compact hetgeen gepaard gaat 
met een speciale vouwing van de fosfaat-backbone op een aantal plaatsen 
langs de polynucleotide keten. De diesterconformaties op deze plaatsen wij­
ken sterk af van de conformatie in normale dubbel helices, het blijkt, dat 
juist deze diesterconformaties aanleiding geven tot opgeloste resonantie-
lijnen. Middels specifieke chemische en enzymatische modificatie-experimenten 
wordt aangetoond, dat deze opgeloste resonantielijnen onderverdeeld kunnen 
worden in twee categorieën, nl resonanties afkomstig uit de anticodon loop 
struktuur en resonanties, afkomstig van fosfaatgroepen, die betrokken zijn 
bij de handhaving van de tertiaire struktuur (Hoofdstuk IV). Deze conclusie 
31 
werd bevestigd in een uitgebreide serie Ρ NMR smelt-expenmenten. Bestu-
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31 dering van de temperatuur- en lonsterkte afhankelijkheid van de Ρ NMR 
Phe 
spectra van gist tRNA leidde tot de conclusie, dat onderfysiologische 
omstandigheden basen van de anticodon loop gestapeld zijn en dat de ont­
vouwing van de struktuur In de anticodon loop kan verlopen zonder het ver­
breken van het merendeel van de interacties in de tertiaire struktuur. 
31 
Daarnaast leveren de Ρ NMR spectra aanwijzingen, dat struktuurverande-
nngen In de anticodon loop de geometrie van de fosfaat-backbone in de anti­
codon stem beinvlûeden(Hoofdstuk V). Het temperatuur-afhankelijke gedrag 
Glu 
van een ander tRNA, nl. E.coli tRNA , toont aan, dat de ontvouwing van de 
tertiaire struktuur van dit tRNA opmerkelijk verschilt van die van gist 
Phe Glu 
tRNA . Om het gedrag van E.coli tRNA te verklaren, wordt een model voor-
gesteld (Hoofdstuk VI). De ervaring, opgedaan met tRNAs.werd gebruikt in een 
onderzoek naar de struktuur van 5S ribosomaal RNA uit Bacillus licheniformis. 
Een aantal modellen, voorgesteld voor de struktuur van 5S rRNA, werd getoetst 
1 31 
door gebruik te maken van H NMR spectra. Ρ NMR spectra van 5S rRNA uit 
B.licheniformis en E.coll tonen aan, dat de fosfaat-backbone van 5S RNA min­
der compact gevouwen is dan die van tRNA (Hoofdstuk VII). 
7 
Om te onderzoeken, of de aanwezigheid van de m G interaktie functionele be-
fMet 
tekenis heeft, werden de initiatie-eigenschappen van beide tRNAs onder­
zocht in een in vitro eiwit synthetiserend systeem, afhankelijk van mRNA uit 
bactenofaag M13. Uit deze experimenten kon worden geconcludeerd, dat de 
initiatie van enkele Gen-produkten opmerkelijk verschillend is. Dit sugge­
reert, dat verschillen in waterstofbrugvorming van basen in de extra arm 
van functionele betekenis zijn (Hoofdstuk VIII). 
136 
WOORD VAN DANK 
Graag wil ik iedereen bedanken, die aan het tot stand komen van dit proef-
schrift op enigerlei wijze heeft bijgedragen. 
I gratefully acknowledge Prof. dr. B.R Reíd, Lillian McCollum and Susan 
Ribeiro (Department of Biochemistry, University of California, Riverside 
U.S.A.) for their hospitality and the very pleasant introduction into the 
field of Nucleic Acid chemistry. 
Míjn dank gaat verder uit naar Greet Oostermeijer en Jan Glatz, die met 
grote bekwaamheid het preparatieve werk hebben verricht, dat de zuivering 
van E coli tRNAs met zich meebracht. Ton Swarthof, Jos Lamberts, Jos 
Engelen, Leo Mollevanger en Arend Heerschap hebben belangrijk bijgedragen 
1 31 
aan het welslagen van een aantal H en Ρ NMR experimenten. Veel waar­
dering heb ik ook voor Ed Reyerse, die met zorg een aantal 'last minute' 
NMR metingen uitvoerde. 
Dr. H.A. Raué (Biochemisch Laboratorium, VU Amsterdam) dank ik voor de 
bereiding van de ribosomaal RNA preparaten, het enthousiasme, waarmee hij 
de NMR metingen volgde, werkte zeer stimulerend. Mijn waardering gaat ver-
der uit naar Josephien Janssen (Afdeling Moleculaire Biologie) voor de 
samenwerking tijdens de in vitro eiwitsynthese experimenten. Maarten Geerdes 
ben ik erkentelijk voor de uitvoering van ring current berekeningen en Jan 
van Kessel voor zijn technische assistentie. 
Z.W.O. dank ik voor het gebruik van de 360 MHz NMR faciliteit te Groningen; 
Dr. R. Kaptein en K. Dijkstra voor het goed functioneren van deze appara-
tuur. Van Colette Alma heb ik waardevolle suggesties tijdens mijn onderzoek 
ontvangen. Dr. v. Kasteren (Shell Laboratorium, Amsterdam) heeft gezorgd 
voor de opname van de FTIR-spectra. 
Ook de Afdelingen Illustratie en Fotografie wil ik hier niet onvermeld laten 
voor de bewerking van de vele tekeningen. Veel dank ben ik verschuldigd aan 
Cécile Remmers, die met geduld en op accurate wijze de voorlopige en defi-
nitieve versie van dit proefschrift heeft getypt. 
137 
CURRICULUM VITAE 
Paul Salemink werd op 23 februari 1951 te Nijmegen geboren. 
Na het voltooien van de Gymnasium 6 opleiding aan het 
C a m s i u s College te Nijmegen in 1969, begon hij in dat jaar 
met zijn chemie-studie (S ) aan de Katholieke Universiteit 
te Nijmegen. 
Het doktoraal examen legde hij af in 1975 met als hoofdvak 
Biofysische Chemie (Prof. dr. G.A.J. van O s ) , als bijvak 
Analytische Chemie (Prof. drs G. Kateman) en algemeen ge­
deelte. 
Sinds 1 mei 1975 was hij als wetenschappelijk medewerker 
verbonden aan de Afdeling Biofysische Chemie van de Katho­
lieke Universiteit te Nijmegen. 
Van Juli tot oktober 1975 was hij werkzaam aan het Depart­
ment of Biochemistry, University of California, Riverside 
U.S.A. 
Het onderzoek, waarvan de resultaten in dit proefschrift 
zijn beschreven, werd vervolgens uitgevoerd op het Labora­
torium voor Biofysische Chemie onder leiding van Prof. dr. 
С.W. Hilbers. 
Tevens was hij betrokken bij het onderwijs in de Fysische 
Chemie. 
138 



STELLINGEN' 
I 
Coleman et al. (1978) hebben H NMR spectra gemeten van het Gen-V eiwit, 
waarvan de tyrosine residuen selektief waren jedeutereerd hetzij op de Or-
tho-, hetzij op de meta posities. Bij onderlinge vergelijking van de ge-
ïntegreerde intensiteit van resonanties in de spectra van beide gedeute-
reerde species blijkt echter, dat de interpretatie van het aromatisch 
spectraalgebied niet consistent is. 
Colenan, J.E., and Armitage, I.V. (1978) Biochemistry 17, 5038. 
II 
In hun psychologisch onderzoek komen Sackeim et al. (1978) tot de con-
clusie, dat menselijke emoties sterker tot uitdrukking komen in de linker-
helft van het gezicht. Deze -op zich interessante- conclusie dient echter 
gestaafd te worden met gegevens uit een grotere steekproefgroep dan die tot 
nu toe gebruikt werd. 
Sackeim, Н.Л., Gur, R.C., and Saucy, M.C. (1978) Science 202, 434. 
III 
Wanneer na het modificeren van een bepaald residu de functionaliteit van 
het gehele molekuul behouden blijkt te zijn, kan niet de conclusie worden 
getrokken, dat zo'n residu geen functionele betekenis bezit. 
Schulman, L.H., and Pelka, H.(1977) Biochemistry 16, 4256. 
IV 
In tegenstelling tot wat Latas et al. (1979) beweren, zijn de door hen 
waargenomen ODMR overgangen in triplet 2-2' dipyridyl keton zeer waarschijn­
lijk afkomstig van één triplet-toestand. 
Latas, K.J., Power, R.K., and Nishimura, A.M. (1979) Chem.Phys. Lett.65,262. 
Γ,.v.d.Velden (1980) Dissertatie Nijmegen. 
ν 
De door Freiré et al. (1978) gehanteerde analyse van calorimetrische meet-
gegevens ter bepaling van Δ H-waarden voor sterk overlappende confornatie-
overgangen in tRNA is niet eenduidig. De eenduidigheid zou bevorderd kunnen 
worden door optische relaxatie-metingen te verrichten gelijktijdig met de 
calorimetrische experimenten. 
Freiré, E., and Biltonen, R.L. (1978) Biopolyners 17, 1257. 
VI 
Op basis van een vergelijking van Raman spectra van transfer RNA en ribo-
somaal RNA komen Chen et al. (1978) tot de conclusie, dat de regelmatig-
heid van de ribose fosfaat backbone van ribosomaal RNA minder is dan die 
van transfer RNA. De Raman spectraallijnen, karakteristiek voor de diester-
fosfaatgroep, zijn echter een onbetrouwbare naat voor de ordening van de 
RNA backbone. 
Chen, M.C., Ciegé, R., Lord, R.C., and Rich, A. (1978) Biochemistry 17, 
3134. 
VII 
Het opschrift "Roken bedreigt de gezondheid", voorgesteld als verplichte 
tekst op sigarettenpakjes, zou beter in een letterhoogte van 10 mm dan 
2 mm uitgevoerd kunnen worden. 
VIII 
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